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Abstract
Controlling the diameter and chirality of carbon nanotubes to fine tune their electronic
band gap will no longer be enough to satisfy the growing list of characteristics that
future carbon nanotube applications are starting to require. Controlling their band
gap, wall reactivity and mechanical properties is imperative to make them functional.
The solution to these challenges is likely to lie in smart defect engineering. Defects
of every kind can induce significant changes on the intrinsic properties of carbon
nanotubes. In this context, this thesis analyzes the effects of doping single and double
walled carbon nanotubes with nitrogen and boron.
We describe the synthesis of N-doped single-walled carbon nanotubes (N-SWNTs),
that agglomerate in bundles and form long strands (<10cm), via the thermal decom-
position of ferrocene/ethanol/benzylamine (FEB) solutions in an Ar atmosphere at
950°C. Using Raman spectroscopy, we noted that as the N content is increased in the
starting FEB solution, the growth of large diameter tubes is inhibited. We observed
that the relative electrical conductivity of the strands increases with increasing ni-
trogen concentration. Thermogravimetric analysis (TGA) showed novel features for
highly doped tubes, that are related to chemical reactions on N sites.
We also carried out resonance Raman studies of the coalescence process of double
walled carbon nanotubes in conjunction with high resolution transmission electron
microscope (HRTEM) experiments on the same samples, heat treated to a variety
of temperatures and either undoped or Boron doped. As the heat treatment tem-
peratures are increased (to 1300°C) a Raman mode related to carbon-carbon chains
(w = 1855cm- 1) is observed before DWNT coalescence occurs. These chains are
expected to be 3-5 atoms long and they are established covalently between adjacent
DWNTs. The sp carbon chains trigger nanotube coalescence via a zipper mechanism
and the chains disappear once the tubes merge. Other features of the Raman spectra
were analyzed as a function of heat treatment with special emphasis on the metallic or
semiconducting nature of the layers constituting the DWNTs. DWNTs whose outer
wall is metallic tend to interact more with the dopant and their outer tubes are the
predominant contributors to the line shape of the G and G' bands. The metallic or
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semiconducting nature of the layers of the DWNTs does not affect their coalescence
temperature.
All the experiments and analysis presented in this thesis are the result of a collab-
orative effort between Professor Dresselhaus' group at MIT and its international col-
laborators, including Professor Endo's group at Shinshu University, Nagano, Japan,
Professors Pimenta's and Jorio's group at the Federal University of Minas Gerais,
Belo Horizonte, Brazil, and Professors M. and H. Terrones' group at IPICYT, San
Luis Potosi, Mexico.
Thesis Supervisor: Mildred S. Dresselhaus
Title: Institute Professor
Thesis Supervisor: Francesco Stellacci
Title: Finmeccanica Assistant Professor
Department of Materials Science and Engineering
4
Acknowledgments
It is a pleasure to write this message and express my gratitude to all those who
have directly or indirectly contributed to the creation of this thesis. First I want to
thank Millie and Gene Dresselhaus for their continuous guidance and their excellent
scientific contributions to this work. People who know Millie and Gene will agree
with me: to a student, Millie and Gene are much more than academic advisors. To
me and to the rest of the group members, Millie and Gene are mentors, teachers,
friends, tutors and counselors. They are humble, ethic and hard working people
that inspire others by setting the good example. They are always on the look for
learning opportunities for their students and they demonstrate, on a day to day
basis, how powerful the right attitude can be. Dear Millie, Gene, and Laura, thank
you very much for everything. This also applies to Professor Mauricio Terrones. Ever
since I was and undergraduate student, he has assisted me in the development of
my professional identity. His assistance in the completion of this thesis was crucial.
Special thanks to Professors Humberto Terrones and Pulickel M. Ajayan for trusting
me and propelling my academic career. I would also like to thank Professor Francesco
Stellacci. When I asked him to supervise my work he did not hesitate and was always
eager to listen and provide help and advice.
This work was possible thanks to all our collaborators. They always shared sam-
ples and information with me. They always answered questions and provided clear
explanations and insightful recommendations. Special thanks to Professor Endo's
group at Shinshu University, Nagano, Japan, Professors Pimenta's and Jorio's group
at the Federal University of Minas Gerais, Belo Horizonte, Brazil, and Professors M.
and H. Terrones' group at IPICYT, San Luis Potosi, Mexico. Each group played a
unique role in making the final sum greater than the parts.
Life at MIT can be challenging, especially when someone is switching fields and
adapting to a new culture and educative system. I want to thank my first year Pro-
fessors Samuel M. Allen and Joel Fink for their ever-present patience and willingness
to ensure the success of their students.
5
I want to express my gratitude to Consejo Nacional de Ciencia y Tecnologia
(CONACYT). The Mexican government covered all my tuition expenses and a good
portion of my living expenses. I have a moral compromise with my country. I also
want to thank Secretaria de Educacion Publica (SEP) and Grupo Jumex for their
financial support.
Life without friends would be meaningless. One of the really important things in
life is to have friends, enjoy with them and share as many experiences with them as
possible. I have made terrific friends at MIT. They have all gone through the same
phases of this venture with me and we have helped each other out. We are family
while we study at MIT. Special thanks to all my friends at MIT.
Finally, I dedicate this work to my parents Ricardo and Lorena and to my siblings
Alberto, Natalia, and Maria. I am grateful for being able to say that I have a great
family that has always set a good example and provided me with unlimited support.
6
Contents
1 Introduction 23
2 Carbon nanotubes 27
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . ...... 27
2.1.1 Structure . . . . . . . . . . . . . . . . . .......... 27
2.1.2 Electronic properties ....................... 30
3 Doping Carbon Nanotubes With Nitrogen 35
3.1 Introduction to Fabrication of Nitrogen Doped Carbon Nanotubes . . 36
3.1.1 Chemical Vapor Deposition Techniques ............. 36
3.1.2 Laser ablation ........................... 39
3.1.3 Arc Discharge ........................... 40
3.1.4 Ion Implantation Techniques . . . . . . . . . . . . . . ..... 41
3.1.5 Fabrication Remarks ....................... 42
3.2 Introduction to Electronic and Mechanical Properties of Nitrogen Doped
Carbon Nanotubes ............................ 43
3.3 Synthesis and characterization of nitrogen doped SWNTs ...... 45
3.4 Experimental studies on the effects of N doping on Single Walled Car-
bon Nanotubes . . . . . . . . . . . . . . . . . ........... 48
3.4.1 Electron Microscopy ....................... 48
3.4.2 Raman Spectroscopy ....................... 53
3.4.3 Low Temperature four point electrical conductivity measurements 64
3.4.4 Thermogravimetric Analysis (TGA) ............... 72
7
3.5 Conclusions . . . . . . . . . . . . . . . . ... .. . . . . . . . . . . . 75
4 Boron Doped Double Walled Carbon Nanotubes, Carbon-Carbon
chains and the Coalescence-Inducing Mode 77
4.1 Introduction ................................ 77
4.1.1 Doping Carbon Nanotubes with Boron ............. 78
4.1.2 Linear sp-hybridized carbon-carbon chains ......... 81
4.2 Nanotube Coalescence Inducing Mode: A Novel Vibrational Mode in
Carbon Systems ..... ......................... 86
4.2.1 Fabricating pristine and boron-doped double walled carbon nan-
otubes ............................... 86
4.2.2 Coalescence experiments and results on pristine DWNTs . . . 87
4.2.3 Coalescence experiments and results on boron doped DWNTs 89
4.2.4 Relating the CIM mode to sp carbon chains and DWNT Coa-
lescence ............................. 94
4.2.5 Other features of the Raman spectra of DWNTs as a function
of heat treatment temperature (Thtt) ............. . 98
4.2.6 Conclusions . . . . . . . . . . . . . . . . . ......... 126
5 Conclusions 129
5.1 Future Work ................................ 132
8
List of Figures
2-1 (a) Unrolled 2D graphene sheet where the square formed by OAB'B
denotes the unit cell of a (4,2) nanotube. (b) The rhombus marks the
unit cell of 2D graphite. a and a2 are the unit vectors of graphene
and Ch and T are the unit vectors for the nanotube. Figures adapted
from [1] ................................... 28
2-2 Schematics of (a) Armchair, (b) zigzag and (c) chiral carbon nanotubes
with their corresponding fullerene hemisphere caps. Figure adapted
from [1] ................................... 29
2-3 Possible (n,m) indices for carbon nanotubes and their corresponding
metallic or semiconducting properties. Figure adapted from [1]. ... 30
2-4 Brillouin zone (line WW') of a (4,2) carbon nanotube. Wave vectors
are continuous in the K 2 direction and equivalent and discrete if they
differ by a multiple of K1. Figure adapted from [1]. .......... 31
2-5 Electronic density of states of (a) semiconducting (10,0) and (b) metal-
lic (9,0) carbon nanotubes. The dotted line corresponds to the density
of states of 2D graphite. Note that 2D graphite can be classified as a
zero bandgap semiconductor. Figure adapted from [2]. ........ 32
3-1 CVD setup used by M. Gerup et al. for the growth of N doped carbon
nanotubes. Figure adapted from: [3] .................. 36
3-2 Scanning Electron Microscope image of a forest of aligned CNx multi-
walled nanotubes grown at 750°C. Figure adapted from [4]. ..... 38
9
3-3 Transmission Electron Microscope image of CVD multiwalled CNx
grown with pyridimine. Figure adapted from [4] ............. 39
3-4 Experimental setup for the production of nitrogen doped fullerenes.
The laser source is a 532nm Nd:Yag focused on a 3mm spot with an
average power of 0.2J per pulse. Figure adapted from [5] ....... 40
3-5 Possible bonding arrangements of nitrogen in a graphene lattice. Fig-
ure adapted from [6]. .......................... 43
3-6 Left: Proposed model for nitrogen incorporation into a carbon nan-
otube lattice.Right: High resolution STM image of a double walled N
doped carbon nanotube; circles denote the presence of possible pyri-
dinic sites. Figure adapted from:[7] ................... 44
3-7 Left:Calculated Local Density of States for an originally semiconduct-
ing zigzag nanotube. Note how a new peak appears close to the Fermi
energy after doping. Right: Model of a zigzag nanotube containing
pyridinic-like defects. Figure taken from [7] ............. 45
3-8 Simplified schematic diagram of the experimental setup used to py-
rolyze an aerosol containing various benzylamine concentrations. Fig-
ure adapted from [8] ........................... 46
3-9 (A) and (B): Photographs of the cool zone of the furnace where the
nanotube material is deposited on the surface of the quartz tube. (B)
and (C): Nanotube material being collected by carefully scraping the
quartz surface with a metallic tool. Pictures are the courtesy of Ana
Laura Elias ................................. 47
3-10 Macroscopic SWCN fiber extracted from the cool zone of the furnace.
Picture is the courtesy of Ana Laura Elias. ............. 47
3-11 Scanning Electron Micrographs of SWNT strands synthesized with (a)
0 and (b) 7%wt benzylamine in the FEB solution. Transmission Elec-
tron Micrographs of samples with (c) 0%, (d) 2%, (e) 3%, (f) 7%, (g)
13%, (h) 17% and (i) 23% of benzylamine in the FEB solution. ... . 50
10
3-12 High Resolution TEM images of a SWNT sample with Owt% of benzy-
lamine in the FEB solution. Special thanks to microscopist Eduardo
Barros .. ................................. 51
3-13 High Resolution TEM images of a SWNT sample with 2wt% of benzy-
lamine in the FEB solution. Most of the tubes show rugged walls but
there is an absence of bell shaped compartments on their inside (char-
acteristic of "bamboo" N-doped multiwalled tubes). Special thanks to
microscopist Eduardo Barros. ...................... 51
3-14 High Resolution TEM images of a SWNT sample with 23% nitro-
gen (synthesized with a sprayed FEB solution containing 23wt % of
benzylamine). Dark spots are iron nanopartcles originally present as
dissolved ferrocene catalyst in the sprayed solution. The microstruc-
ture of the tube walls is similar to samples with little or no nitrogen
concentration. Special thanks to microscopist Eduardo Barros ..... 52
3-15 Horizontal lines mark the laser wavelength used to excite the sample;
Stars represent frequencies where Raman features were observed and
circled stars denote the two most intense peaks after normalizing the
intensity of the RBM spectra to that of the G band. The location
of the different (2n+m) nanotube families with respect to transition
energies and tube diameter was taken from [9] ............ 55
3-16 (Left) RBM region for samples with different nitrogen concentrations.
The laser energy is always Elaser=1.82eV (678nm). Each line is the
result of repeating the same experiment 5 times and averaging the
results. Note how the intensity of the low frequency peak decreases as
nitrogen concentration increases. (Right) Ratio between the integrated
area under the semiconducting-large diameter (A) and metallic-small
diameter (B) regions of the spectra ................... 56
11
3-17 (Left) RBM region for a set of samples with different nitrogen con-
centrations. The square boxes mark the boundaries of the frequency
regions used to integrate the intensities and to generate the A/B ratio
shown on the right. (Right) Intensity ratio of the A and B frequency
regions as a function of nitrogen concentration. Elaser=1.55eV (798nm). 58
3-18 (Left) RBM region for a 629nm (Easer = 1.97eV) laser line. (Right)
Ratio between the two most intense peaks (A/B) in the RBM region
as a function of nitrogen concentration ................. 59
3-19 (Left Column) Raman spectra obtained from shining three different
laser lines at samples with various nitrogen concentrations. Every sin-
gle Raman spectra comes from averaging five independent experiments.
Square boxes act as delimiters to show the range of frequencies used to
estimate the intensity of the D and G regions. This method eliminates
human error when peak fitting and incorporates possible shifts in fre-
quency. (Right Column) D to G intensity ratios for three different
Elaser as a function of nitrogen concentration .............. 62
12
3-20 Temperature dependence of the majority carrier concentration as a
function of temperature. At temperatures below -freeze out-, donor
atoms will possess all their weakly bound extra electrons and a decrease
in the amount of carriers will result in increased resistivity because the
donor atoms act as scattering centers for charge carriers. As the tem-
perature is gradually increased, donors are ionized and free their elec-
trons for introduction into the conduction bands. Some valence band
electrons may have enough energy to make it to the conduction band.
Conductivity in the extrinsic temperature region is highly dependent
on the doping concentration (ND). As the temperature is increased,
electrons in the valence band will exponentially acquire enough energy
to jump into the conduction band and will become the primary source
of carriers. At temperatures in the extrinsic region, the importance of
doping is nullified due to the overwhelming amount of charge carriers
coming from the valence band. Figure adapted from from: [10] ... . 65
3-21 Different methods for connecting a SWNT macroscopic fiber. (A) In-
terdigitated Gold Electrodes. (B) Evaporated gold thin film. (C) Chip
holder and gold wire connected with liquid silver. ............ 66
3-22 Photographs of (A) Chip holder and its respective socket at the end of
the squid skewer. (B) and (C) Both ends of a SQUID skewer contain-
ing cabled interconnections on the inside. (D) Sealed entrance to the
SQUID chamber showing the outcoming electrical connections to the
sample. (E) SQUID machine. Control Unit (left) and sealed chamber
(right). (F) Back panel of the HP4156A showing coaxial cables coming
from the sample. (G) Picture of the network based application used
for remote control of the experiments ................... 67
13
3-23 Schematic of the contact configuration on top of the chip holder. A
current was applied to the external contacts while measuring the cre-
ated voltage on the internal terminals. The initial resistivity varied
from sample to sample. We tried to apply the lowest possible current
levels to every sample in order to avoid unnecessary thermal power
dissipation that could induce noise in the low temperature regimes. 68
3-24 (Left) Conductivity as a function of temperature for a pristine SWNT
fiber (Black squares). Note how a keeps decreasing exponentially with
temperature. (Continuous red line) The fitted curve used to obtain the
values for the donor energy levels and carrier concentrations. (Right)
The same experimental run on a sample with 2% nitrogen (2% of
benzylamine in the ferrocene-ethanol-benzylamine solution used in the
growth process). Note the flattening of the curve and the higher cut
with the T/cinitial axis at low temperatures. .............. 69
3-25 Conductivity as a function of temperature for a SWNT fiber doped
with 13% (Left) and 26% (Right) nitrogen. Note how the intersection
with the relative conductivity (/Uinitial) axis increases with nitrogen
concentration ............................... 70
3-26 Conductivity values obtained at the lowest achievable experimental
temperature. Each square represents the intersection with the y axis
for each of the four nitrogen concentrations in figures 3-25 and 3-24.
Note that these experimental values correspond to the lowest temper-
ature level (2-3K). ............................. 71
3-27 (Left) Approximate DOS vs Energy Levels for samples with different
amounts of nitrogen. (Right) Plot of the highest and lowest energy
levels created inside the band gap for samples with different concen-
trations of nitrogen ............................ 71
3-28 (a) Experimental TGA results for samples with different nitrogen con-
centrations. (b) Smoothed first derivatives of the data sets shown above
(Colors correspond). See text for the definition of plateaus ....... 74
14
4-1 Local Density of States (LDOS) for pristine (pure) and boron-doped
carbon nanotubes. Picture adapted from [11]. ............. 79
4-2 Boron catalyzed T junctions obtained after annealing double walled
carbon nanotubes (DWNTs). Adapted from [12]. ............ 80
4-3 Raman spectra of Ravagnan's carbyne-containing nanostructured car-
bon sample taken (a) Ex situ and (b) In situ. In situ means that
the sample remains under ultra high vacuum conditions and Ex Situ
means that the sample is in contact with dry air. The In situ spectrum
has been fitted with two Lorentzian peaks to identify modes created
by cumulenes and polyynes. Picture adapted from [13] ......... 83
4-4 Intensity ratios of the carbyne band (Ic) with respect to the G band
(IDG) as a function of time while the sample was kept in (triangles) ul-
tra high vacuum and (squares) dry air. The continuous lines represent
the exponential and constant fits of the experimental data. Picture
adapted from [13]. ............................. 84
4-5 (a) HRTEM micrograph where a carbon nanowire (CNW) or linear
carbon chain is observed to be contained on the inside of a multiwalled
carbon nanotube. (b) Atomic model of a MWNT with an armchair
(5,5) innermost tube containing a carbon chain on the inside. Picture
adapted from [14]. ............................ 85
4-6 (a) Photograph of the obtained DWNT material. The origami figure
(airplane) on the right emphasizes its flexibility. (b) Scanning electron
micrograph showing how pure (clean) and catalyst-free this DWNT
material is. Figure adapted from [15] ................... 86
4-7 TEM micrographs of pristine DWCNs that received 30 minute heat
treatments at (a) Thtt=1500°C and (b) Thtt=2000°C. These clean DWNT
samples survive the high temperatures much better that their boron-
doped counterpart. The Thtt=2000°C sample begins to show somewhat
larger diameter tubes. TEM images are courtesy of the M. Endo group. 87
15
4-8 Raman spectra taken with Elaser=2.33 eV on DWNT samples with
various heat treatment temperatures (Thtt). These spectra are courtesy
of the M. Endo group. .......................... 88
4-9 Raman spectra taken with El,,,ser = 2.33 eV on boron doped DWNT
samples that received heat treatments at different temperatures. . . 90
4-10 Summary of CIM Raman data taken for Elaser= 2.33 eV for undoped
and doped DWNTs at various heat treatment temperatures (Thtt). The
frequencies and FWHM linewidths for the CIM and its second har-
monic are given in (cm-l) and the mode intensities ICIM and I2CIM
are normalized to the G band intensity .................. 91
4-11 TEM micrographs of boron doped DWNT samples with various heat
treatment temperatures (Thtt). (a) Double Walled Carbon Nanotubes
are intact and are arranged on a hexagonal packed structure. (b) The
tubular structure of the carbon nanotubes is still intact. There is little
or no nanotube coalescence seen at this heat treatment temperature
and the D band is still absent in its Raman spectra. (c) Widespread
nanotube coalescence takes place at this Thtt. This sample also shows
a Raman D band peak appearing at -, WD = 1300cm-1 . TEM Images
are the courtesy of the M. Endo group .................. 92
4-12 TEM micrographs of boron doped DWNT samples with various heat
treatment temperatures (Thtt). (a) Widespread nanotube coalescence
observed. Dark spots are possible graphite-like regions connecting ad-
jacent tubes. (b) Visible emergence of non nanotube sp2 carbonaceous
material. The Raman RBM signal corresponding to small diameter
nanotubes has completely disappeared at this Thtt. (c) The appear-
ance of DWNTs with larger diameters and non-circular cross-sections
is also evident in this TEM micrograph of a location of the sample
different from that shown in (b). TEM Images are the courtesy of the
M. Endo group ............................... 93
16
4-13 Molecular model describing how carbon-carbon chains form with in-
creasing temperature and disappear after triggering nanotube coales-
cence. (a) Carbon atoms in interstitial positions between two adjacent
DWNTs. (b) Lines of sp bonded carbon atoms form either parallel
or perpendicular to the axes of adjacent tubes. (c) Increased temper-
ature begins linking sp bonded carbon chains to the nanotube walls.
(d) The coalescence process is triggered and the linear carbon chains
disappear along with the CIM mode. Images courtesy of M. Terrones. 95
4-14 Bond lengths of finite carbon chains after relaxation using the Broyden-
Fletcher- Goldfarb-Shanno minimization. Images courtesy of M. Ter-
rones .................................... 96
4-15 Comparison of vibrational stretching modes between free chains, where
all atoms are allowed to vibrate, and chains with anchored outermost
atoms. The arrows and dotted line are placed at w = 1840cm -1 for
reference. Images courtesy of M. Terrones. ............... 96
4-16 Kataura plot used to determine the metallic or semiconducting nature
of the nanotubes in resonance with the laser energies (horizontal lines)
used in this study. The relevant 2n+m families are marked. Each star
on the plot represents a Raman frequency where the RBM intensity is
strong. The Kataura plot is the courtesy of Georgii G. Samsonidze. . 98
4-17 RBM region of the Raman spectra of undoped DWNTs taken with
(a) Elaser = 1.58eV, (b) Elaser = 1.92eV, and (c) Elaser = 2.41eV
Each Lorentzian has been assigned its corresponding (n,m) pair in ac-
cordance with its location in the Kataura plot presented in figure 4-16.
The excited DWNT configurations (M=metallic/S=semiconducting)
are also shown for each Elaser ................... .. 101
17
4-18 RBM region of the Raman spectra of (a) boron doped and (b) un-
doped DWNTs taken with Elaser = 1.58eV. The corresponding in-
tensity (c) and frequency (tube diameters) (d) of the various RBM
features as a function of heat treatment temperature (C) for undoped
and boron-doped samples. The shaded regions in (a) and (b) mark
the corresponding metallic or semiconducting nature of the nanotubes
according to their location on the Kataura plot shown in figure 4-16. 104
4-19 (a) RBM region of the Raman spectra of boron doped DWNTs taken
with Ease, = 2.41eV. The outer tubes are semiconducting and the
inner tubes are metallic. The corresponding intensity (b) and Raman
shift (tube diameters) (c) of the various RBM features as a function of
heat treatment temperature (°C) for undoped and boron-doped sam-
ples. The shaded regions mark the corresponding metallic or semi-
conducting nature of the nanotubes according to their location on the
Kataura plot shown in Figure 4-16. .................... 105
4-20 Raman Spectra showing the D band (shaded region) of undoped ((a)
through (c)) and boron doped ((d) through (f)) DWNTs taken with
Elaser = 1.57eV, Elas,,e = 1.92eV and Eiaser = 2.41eV. ........ 109
4-21 ID/IG ratio values of the D band feature as a function of heat treatment
temperature (C) for undoped and boron-doped samples. ...... 110
4-22 (a) The laser energy dependence of ID/IG for DWNT boron doped
samples with different heat treatment temperatures. (b) Saito's et
al. calculated laser energy dependence of ID/IG for a nanographite
material with a crystallite size (La) of La = 570°A. Figure 4-22 (b) is
adapted from [16]. . . . . . . . . . . . . . . . . . ......... 110
18
4-23 Lorentzian fits of the D band region for boron doped DWNT sam-
ples with (a) Thtt = 1500°C and (b) Thtt = 2000°C taken with
Elo,er=2.4leV. Frequency (WD) () and FWHM (WFWHM) (d) val-
ues of the various peaks associated with the D band as a function of
heat treatment temperature for undoped and boron doped samples.
Note how the frequency and FWHM of the D band features tends to
increase as Thtt increases. ........................ 111
4-24 Lorentzian fits of the D band region for boron doped DWNT sam-
ples with (a) Thtt = 1600°C and (b) Thtt = 2000°C taken with
Easer=1.92eV. Frequency (wD) (c) and FWHM (WFWHM) (d) val-
ues of the various peaks associated with the D band as a function of
heat treatment temperature for undoped and boron doped samples.
Note how the FWHM of the D band features tends to increase as Thtt
increases. With this laser line (1.92eV), as opposed to Elaser=2.41eV,
we do not observe an increase in WD with increasing Thtt ....... 112
4-25 Lorentzian fits of the D band region for boron doped DWNTs sam-
ples with (a) Thtt = 1600°C and (b) Thtt = 2000°C taken with
Etaser=l.58eV. Frequency (WD) () and FWHM (WFWHM) (d) values
of the various peaks conforming the D band as a function of heat treat-
ment temperature for undoped and boron doped samples. Note how
the FWHM of the D band features tends to increase as Thtt increases.
With this laser line, WD does not increase with increasing Thtt ..... 113
4-26 G band region of the Raman spectra of (a) boron doped and (b)
undoped DWNTs taken with Easer = 1.58eV. Corresponding full
width half maximum (FWHM) (c) and Raman shift (d) values of
the most prominent G band features as a function of heat treatment
temperature (C) for undoped and boron-doped samples. ...... 115
19
4-27 Frequency shift of the G+ band for undoped (left) and boron doped
(right) samples as a function of increasing (Thtt). As illustrated by the
concentric circles, Elaser = 2.41eV excites tubes whose outer (inner)
wall is semiconducting (metallic). The opposite DWNT configuration
is excited when using Elaser = 1.92eV (circles) and Elaser = 1.58eV
(triangles). Note the 8 wave number offset in WG+ between the two
DWNT configurations. . . . . . . . . . . . . . . . . . ...... 117
4-28 G band region of the Raman spectra of boron doped DWNTs taken
with (a) Elaser = 2.41eV and (b) El,,aser = 1.92eV. The corresponding
FWHM and integrated intensity plots as a function of Thtt for Elaser =
2.41eV (c) and Elaser = 1.58eV (d) ................... 119
4-29 G' band region of the Raman spectra of boron doped DWNTs taken
with Elaser = 2.41eV (a), Elaser = 1.92eV (b), and Elaser = 1.58eV
(c). Dashed lines represent Lorentzian fits of the corresponding pristine
sample. Frequency and intensity plots as a function of Thtt for Elaser =
2.41eV(d) and Elaser = 1.58eV(e) ..................... 121
4-30 G' band region of the Raman spectra of undoped DWNTs taken with
(a) Elaser = 2.41eV and (b) Easer = 1.92eV. Dashed lines represent
Lorentzian fits of the corresponding sample. O.M. stands for outer
metallic, I.M. stands for inner semiconducting and viceversa. Note
how both features remain even at high temperatures. ......... 122
4-31 G' band region of the Raman spectra of boron doped DWNTs as a
function of Thtt. Taken with Elaser = 2.41eV where the predominant
excited DWNT configuration is an inner metallic (M) and outer semi-
conducting (S) tube ............................ 124
4-32 G' band region of the Raman spectra of undoped DWNTs as a func-
tion of Thtt. Taken with Elaser = 2.41eV where the predominant excited
DWNT configuration is an inner metallic (M) and outer semiconduct-
ing tube (S) ................................. 125
20
List of Tables
3.1 Compilation of different procedures to synthesize N doped MWNTs
and the estimated nitrogen concentrations obtained. Table adapted
from [6]. .................................. 38
3.2 Numerical values for carrier concentrations and their corresponding
energy levels as a function of nitrogen concentration .......... 70
21
22
Chapter 1
Introduction
The course of human history is intrinsically connected to scientific and technological
advances related to materials. This connection is so strong that we can catalogue
human eras in accordance with the properties and sophistication of the materials
that civilizations have developed through time. Almost 4000 years after bronze began
being replaced by iron, we find ourselves at the possible end of the silicon age. Our
recent ability to work at sub-micron length scales has given researchers access to a
relatively unexplored world. Newly discovered organic and inorganic nanostructures
and processes occurring at atomic length scales are already beginning to reshape the
way we do science and apply it to technology.
Since Endo reported the observation of carbon nanofibers in 19751, the most thor-
oughly studied nanostructures have perhaps been carbon nanotubes. One can think
of carbon nanotubes as being cylindrical nanostructures made by rolling a graphene
sheet one atomic layer thick whose ends are capped with fullerene-like hemispheres.
Although they are only made of carbon atoms, carbon nanotubes can be metallic
or semiconducting, depending on their diameter and chirality. Also, their electronic
band gap increases as their diameter decreases. In theory, by controlling the chirality
and diameter of a carbon nanotube, we could tune its band gap all the way from OeV
to a value close to that of silicon (1.1eV) [1].
The semiconductor industry accounts for an important percentage of the world's
1M. Endo Ph.D thesis work at the University of Orleans in France
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gross domestic product. The sole idea of revolutionizing microelectronic devices,
added to their formidable mechanical properties, unleashed a wave of scientific studies
aimed at understanding carbon nanotubes. However, difficulties have arisen while
attempting to synthesize carbon nanotubes with specific electronic properties and
band gaps. As part of the research efforts aimed at incorporating nanotubes into
present silicon microelectronic devices, new alternatives to fine tune their electronic
structure have been sought. Among these research efforts and approaches reside
induced defect control and doping.
In this context, the objective of this thesis is to probe that doping carbon nan-
otubes with donor and acceptor atoms is indeed possible. In particular, after providing
a brief introduction to carbon nanotube structure in chapter 2, this thesis is divided
into two main sections. The first section, chapter 3, describes the synthesis and char-
acterization of single walled carbon nanotubes doped with a donor atom (Nitrogen).
Specifically, chapter 3 describes the synthesis of N-doped single-walled carbon nan-
otubes (N-SWNTs) via the thermal decomposition of ferrocene/ethanol/benzylamine
(FEB) solutions in an Ar atmosphere at 950°C. The obtained N-SWNTs agglomerate
in bundles and form long strands (<10cm) and their properties change as the amount
of benzylamine in the solution is varied from 0 to 26% by weight. Using Raman
spectroscopy, we note that as the N content is increased in the starting FEB solution,
the growth of large diameter tubes is inhibited. At low temperatures, we observe that
the relative electrical conductivity of the strands increases with increasing nitrogen
concentration. Thermogravimetric analysis (TGA) showed novel features for highly
doped tubes, and these features are related to chemical reactions on N sites. The
properties of the nitrogen doped SWNT materials were also characterized as a func-
tion of the N content in the FEB solution, using scanning electron microscopy (SEM)
and transmission electron microscopy (TEM).
Following the section on the nitrogen doped SWNTs, chapter 4 describes the syn-
thesis and characterization of double walled carbon nanotubes doped with an acceptor
atom (Boron). In order to perform boron doping and coalescence experiments, these
samples were heat treated at various temperatures until structural destabilization
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was induced (up to 2000°C). A Raman feature - 1850cm- 1 related to carbon-carbon
chain vibrations (termed "the coalescence inducing mode" (CIM)) was observed to
appear right before double walled carbon nanotube (DWNT) coalescence occurs. This
finding suggests that DWNT coalesce by a zipper mechanism that is triggered by the
appearance of sp carbon chains established covalently between adjacent tubes [17].
Carbon-carbon chains are extremely unstable under ambient conditions and thus have
always been hard to detect and have been the subject of controversy. The properties
of the pristine and boron doped double walled carbon nanotubes were characterized as
a function of heat treatment temperature by cross referencing information obtained
by high resolution TEM and resonance Raman spectroscopy experiments. Besides
the CIM mode, other features of the Raman spectra were analyzed as a function of
increasing heat treatment and special emphasis was put on whether the outer and the
inner tubes had a semiconducting or metallic nature. We found that metallic tubes on
the outside might be shielding inner tubes and diminishing their contribution to the
G and G' bands. The data also suggests that DWNTs whose outer walls are metallic
(semiconducting) are more (less) likely to interact with boron as the heat treatment
temperature (Thtt) is increased. The bulk of the experimental procedures related to
these DWNTs was performed by Professor Endo's group at Shinshu University in
Japan, and my thesis work involved the measurements and the analysis of the Raman
spectra with different laser lines.
Chapter 5 presents the general conclusions and proposes future research experi-
ments. In summary, the main contributions of this thesis are: (a) It is possible to
synthesize and characterize nitrogen doped single walled carbon nanotubes [18], (b)
Increasing the concentration of nitrogen during nanotube growth affects the ratio be-
tween the number of large and small diameter tubes present in the samples that were
synthesized; nitrogen inhibits the formation of the larger diameter tubes [18]. (c)
Nitrogen doping of SWNTs enhances the density of states close to their conduction
band edge [18], (d) Boron doping enhances the coalescence of double walled carbon
nanotubes [17], (e) A resonant Raman mode related to linear carbon chains in double
walled carbon nanotubes is identified [17], (f) It is expected that the CIM mode can
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be used to detect the presence of carbon-carbon chains (sp hybridized carbon) in
various systems, such as nanotubes, irradiated graphite, and polymerized and func-
tionalized fullerenes [17], (g) The onset of nanotube coalescence can also be detected
by analyzing the G' section of the Raman spectra, (h) DWNTs whose outer tubes
are metallic shield the inner tubes and block their contribution to the line shape of
the G and G' bands, (i) DWNTs whose outer wall is metallic (semiconducting) show
an increased (decreased) interaction with an acceptor atom like boron as Thtt is in-
creased, and (j) The metallic or semiconducting nature of the layers constituting a
DWNT does not affect the temperature of coalescence.
26
Chapter 2
Carbon nanotubes
2.1 Introduction
Carbon nanotubes have been thoroughly studied in the past fifteen years because of
their exceptional physical properties. One can think of them as hollow cylindrical
nanostructures made by rolling a single graphene sheet and closing its ends with a
fullerene hemisphere. Carbon nanotubes can have one or various concentric layers,
their diameters are normally in the order of a few nanometers and their length can
reach centimeters. They can be synthesized using methods like arc discharge [19],
laser ablation [20], or a variety of chemical vapor deposition (CVD) techniques [4].
This chapter provides a brief introduction to the structure of carbon nanotubes and
its relation to their electronic and mechanical properties.
2.1.1 Structure
Carbon nanotubes can be described by adding boundary layer modifications to exist-
ing theoretical models for graphite. The hexagonal rings made of carbon atoms that
a nanotube contains can acquire different orientations with respect to the nanotube
axis depending on the angle with which the graphene layer is rolled to make the
nanotube. Figure 2-1(a) depicts a schematic representation of a graphene layer that
can be rolled to construct nanotubes with different chiralities. A seamless cylinder
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Figure 2-1: (a) Unrolled 2D graphene sheet where the square formed by OAB'B
denotes the unit cell of a (4,2) nanotube. (b) The rhombus marks the unit cell of
2D graphite. al and a2 are the unit vectors of graphene and Ch and T are the unit
vectors for the nanotube. Figures adapted from [1].
is formed by joining points A to A' and B to B', taking into account that all these
points are equivalent lattice sites. The axis of the tube runs along the O direction,
but we note that this orientation can vary by 0 degrees with respect to the al axis
of the fixed honeycomb structure. The chiral vector (Ch) is described in terms of the
lattice vectors al and a2 
Ch = nal + ma 2 (n, m) (2.1)
where n and m are integer numbers that vary in accordance with the size of the
nanotube diameter (dt) and its chiral angle (0), as shown by equations 2.2 and 2.3
respectively, where a = 2.46A is the lattice constant of a graphene layer:
dt = a n2 + m2 + nm (2.2)
2n + m
cos 0 = (2.3)2V/n2 + m2 + nm
This notation is simple but robust enough to describe each possible type of nanotube.
Nanotubes whose angle is 0° are called zigzag nanotubes, the ones with =30° are
called armchair nanotubes and those whose angle is somewhere between 0° and 30°
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are known as chiral nanotubes. Dresselhaus et al. [1] pioneered the development of
the nanotube nomenclature that we use nowadays. Their famous figure (see figure 2-
2) shows an example of these three kind of tubes, along with the corresponding
fullerene hemisphere caps. If we look back at figure 2-1 we can see that there is also a
(a)
V
Figure 2-2: Schematics of (a) Armchair, (b) zigzag and (c) chiral carbon nanotubes
with their corresponding fullerene hemisphere caps. Figure adapted from [1].
translational vector (T) which is parallel to the line formed by OB and perpendicular
to the chiral vector. The translational vector and the chiral vector are used to define
the area corresponding to the unit cell of a carbon nanotube (the rectangle formed
by OAB'B). Since we know that the vectors al and a2 define the area of a unit cell of
2D graphite, the number of hexagons per unit cell N can be obtained by using eq. 2.4
N ICh xTI
Ial xa 2 I
(2.4)
The number of carbon atoms in the unit cell can now be determined by taking into
account that each hexagon contains two carbon atoms.
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2.1.2 Electronic properties
The electronic properties of carbon nanotubes are closely related to their structure.
Even though a carbon nanotube is only made with carbon atoms, it may exhibit
metallic or semiconducting behavior depending on its specific diameter and chirality.
Figure 2-3 depicts the possible (n,m) indices for carbon nanotubes and their expected
metallic or semiconducting properties. Figure 2-3 also shows that 2/3 of the possible
nanotubes are semiconducting while the rest are metallic, the criteria being (n -
m) = 3p for metallic tubes, where p is an integer, and (n - m) = 3p i 1 defining
semiconducting tubes. It is important to stress that regardless of their semiconducting
) metal * :semiconductor armchair
Figure 2-3: Possible (n,m) indices for carbon nanotubes and their corresponding
metallic or semiconducting properties. Figure adapted from [1].
or metallic behavior, these nanotubes are only made up of carbon atoms. Many
researchers were attracted by this fact because they envisaged that by controlling their
chirality, carbon nanotubes could be used to build pn junctions and similar structures
without the need for doping. However, fabricating tubes with specific diameters
and chiralities has not been trivial and doping has become an important factor in
controlling the electrical properties of carbon nanotubes. (In chapter 3 our work with
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nitrogen doped single walled carbon nanotubes (N-SWNT) exemplifies the effects of
doping on the tube's electrical properties. In chapter 4, I described our work with
double wall carbon nanotubes and the possibility to have concentric semiconducting
and metallic layers to fabricate coaxial cables or cylindrical pn junctions.)
If we move to reciprocal space, the relatively large size of a nanotube unit cell
compared to that of 2D graphite (figure 2-1) yields a reduced Brillouin zone depicted
by the line segment WW' in figure 2-4. In reciprocal space, the vectors K1 and
Ko > \ ' - 1''' i ,12
KKX , ~ ~ ~ K
Figure 2-4: Brillouin zone (line WW') of a (4,2) carbon nanotube. Wave vectors are
continuous in the K2 direction and equivalent and discrete if they differ by a multiple
of K 1. Figure adapted from [1].
K2 correspond to the real space vectors Ch and T, respectively. Since Ch has peri-
odic boundary conditions (it runs along the finite diameter of the tube), it induces
confinement effects that quantize the allowed wave vectors and affect the electronic
properties of the tube. On the other hand, wave vectors can be continuous along
the length of the nanotube because its structure along this axis has translational
symmetry due to the relatively long length of the tube compared to the tube diam-
eter. As the diameter of the tube gets larger, more wave vectors are allowed along
its circumferential direction and the band structure becomes more similar to that of
2D graphite. If we refer to the calculated density of states plots shown in figure 2-5,
we can see that a graphene sheet is a zero band gap semiconductor. Confinement
effects in nanotubes are responsible for the observed peaks (van Hove singularities)
on the density of states of carbon nanotubes. When the same calculations were made
for different (n,m) pairs, researchers noted that the energy separation between the
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Figure 2-5: Electronic density of states of (a) semiconducting (10,0) and (b) metallic
(9,0) carbon nanotubes. The dotted line corresponds to the density of states of 2D
graphite. Note that 2D graphite can be classified as a zero bandgap semiconductor.
Figure adapted from [2].
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van Hove singularities is dependent on the nanotube diameter. For semiconducting
carbon nanotubes the band gap energy (Eg) increases as the nanotube diameter is
reduced (Eg oc l/dt). If the nanotube diameter exceeds a certain size (> 3nm),
quantum confinements effects vanish, the band gap becomes very small and thermal
energy at room temperature is enough for carriers to jump from the valence band
into the conduction band and give the nanotube metallic attributes. A more tangi-
ble analogy of a similar phenomenon is evident when we look at different vials that
contain liquid dispersed quantum dots that vary in size; we observe different colors
because their band gap is size dependent and Eg defines their emission and absorption
properties. Smaller quantum dots have larger band gaps and thus emit in the blue
region of the visible spectra. In order to gain deeper insight into the energy sepa-
ration between van Hove singularities and its dependence on the (n,m) indices of a
carbon nanotube, Kataura et al. calculated and plotted these energy separations for
different tube diameters. The so called Kataura plot of Eii vs 1/dt has now become
a valuable tool to classify nanotubes, especially when using optical characterization
methods like resonance Raman spectroscopy. The abrupt increase in the density of
states at energies that coincide with the van Hove singularities (see Figure 2-5) en-
hances the Raman signal of excited carbon nanotubes because more electron hole
pairs can recombine at those energies and emit detectable photons whose frequency
has shifted with respect to the incident photons by a phonon energy. The frequency
of the incident light will be coupled to the optical transitions of carbon nanotubes if
its energy matches the separation energy between symmetric van Hove singularities
in the conduction and valence bands. These facts allow us to relate the Raman shift
to the nanotube diameter and to predict its (n,m) indices. When probing a carbon
nanotube with a certain laser energy (Elaser) we are optically exciting electrons from
the valence bands into allowed energy levels in the conduction band. Excited elec-
trons can emit (or absorb) a phonon before relaxing and recombining with a hole at a
lower energy level in the conduction band. The resulting emitted photon will have less
energy than the incident photon because the energy difference goes into the energy of
the phonon that is created. This is known as the Stokes process in Raman scattering.
33
If, on the other hand, the emitted photon has more energy than the incident photon,
we have the anti-Stokes process whereby a phonon is absorbed before recombining
with a hole. The section of the Raman spectra that depicts this processes is called
anti-Stokes. When plotting the intensity of the reflected photons against their fre-
quency shift, we obtain a Raman spectrum that characterizes the detected phonons
in the nanotube structure. Due to the relatively high degree of accuracy that Raman
techniques provide when analyzing carbon nanotubes, the primary tool for nanotube
characterization in this thesis is Raman spectroscopy. Unfortunately, present fabri-
cation techniques can not completely control the chirality and diameter distribution
of the obtained tubes, so most samples still contain a mixture of many different kinds
of nanotubes. Taking this into account, we used a state of the art tunable Raman
(refer to sec 3.4.2) system capable of delivering adequate laser frequencies to excite
different kinds of tubes and to characterize heterogeneous samples.
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Chapter 3
Doping Carbon Nanotubes With
Nitrogen
Carbon nanotubes are well known for their exceptional mechanical and electrical
properties. Since their discovery by Ijima [19] in 1991, researchers have conducted
numerous experiments and simulations aimed at understanding their intrinsic charac-
teristics and how their surroundings affect them. Until recently, most of the work has
involved pure carbon nanotubes. These are inert systems, their outer walls are not
reactive and they show great mechanical stability. When a foreign atom is inserted
in the nanotube lattice, its symmetry is altered and its structure and properties im-
mediately change. In this chapter we describe what is the effect of adding Nitrogen
to carbon nanotubes, what approaches have been used to do it, and how we managed
to fabricate doped SWNTs and to detect the effects of nitrogen on their properties.
In principle, atoms whose size and charge are adequate may be inserted in the
nanotube lattice by different means. The two main approaches are either heat treat-
ments that force the dopant into the lattice or fabrication methods that contain a
specific dopant in the raw ingredients from the beginning of the process. Nitrogen
and Boron are possibly the most popular carbon nanotube dopants, but atoms like
Lithium and Phosphorous are other examples of plausible doping agents [21, 22].
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3.1 Introduction to Fabrication of Nitrogen Doped
Carbon Nanotubes
3.1.1 Chemical Vapor Deposition Techniques
The techniques used to synthesize Nitrogen Doped carbon nanotubes (CNx) are very
similar to the ones used to create their pure counterparts. They all use the same
principle: heat a carbon-containing compound in the presence of an adequate con-
centration of appropriate catalytic particles, wait for an adequate amount of time,
and collect the resulting nanotubes. Chemical Vapor Deposition (CVD) is currently
the most popular synthesis method, along with aerosol and plasma assisted CVD.
The experimental setup usually consists of a tubular furnace containing a quartz
tube that is connected to a gas feedstock (see figure 3-1). More sophisticated ap-
proaches may also include two furnaces in series and a pressure controller. Different
Figure 3-1: CVD setup used by M. Gerup et al. for the growth of N doped carbon
nanotubes. Figure adapted from: [3]
groups have developed various techniques but the general steps followed to obtain
CVD nitrogen doped nanotubes are summarized as follows:
1-Use a Mass Flow Controller (MFC) to flow inert gas (normally high purity
Ar at 200-500 sscm) through the silica tube.
2-Raise the temperature of the tubular furnace to temperatures between 600
and 950°C and let it stabilize.
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3-Shut down the inert gas flow and use another MFC to introduce a carbon-
containing gas flow into the quartz tube. If the aerosol technique is used, a
piezoelectric sprayer creates micro droplets of the desired C-N solution and
they are introduced into the main Ar flow.
4-The carbon-containing gas or liquid is fed into the furnace for a few minutes
(10 to 30). Carbon nanotubes will either grow on the surface of the silica
quartz tube or on the desired substrate. Most of the time, the substrates are
SiO2 wafers whose surfaces have been spin coated with certain nanoparticle
catalysts. Iron and Cobalt nanoparticles have proved to make good catalysts.
5-The inert gas flow is restored and the system is cooled down to room temper-
ature.
It is clear that the modifications that can be made to this procedure are almost
limitless. Some of the variables in play are the amount and speed of gas flowing
through the quartz tube, the droplet size of the precursor (aerosol CVD), the residence
time at the growth temperature, the cooling speed when returning the system to room
temperature, the substrate material, the catalyst particle size and composition etc.
Researchers have the ability to control most of the above-mentioned variables but
the task of finding the "sweet spot" where the best growth outcomes are obtained
is not trivial. There is a list of tradeoffs that are not completely understood, but
considerable efforts are under way to optimize these parameters. For instance, in our
case, overloading the silica quartz tube with nitrogen atoms lowered the overall yield
of N doped SWNTs in all experiments.
The following chart (Table 3.1) is the result of a compilation of synthesis proce-
dures made by Ewels et al. [6]. It shows some of the precursors that have been tried
and the corresponding nitrogen concentrations in the tubes. It is important to note
that all these methods produced only multiple walled nitrogen doped nanotubes. As
Ewels remarks [6], reports on SWNTs doped with nitrogen using CVD methods are
scarce or null. As an example, figures 3-2 and 3-3 present scanning and transmission
electron microscopy images of CNx obtained by Liu et al [4]. They used pyrimidine
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Method Nitrogen Concentration
Aerosol assisted CVD acetonitrille/tetrahydrofuran -20at%
(CH3CN/C4 H80)
Pyrolysis of dimethylformamide over an iron catalyst -2-16%
(HOCN(CH3) 2)
Pyrolysis of pyridine over a cobalt catalyst -2%
(C5H5N)
CVD of acetylene/ammonia/ferrocene 3-7% depending on growth
(C2H2 /NH3/ Fe(C5H5 )2) temperature (750-9500C)
Pyrolisis of melamine over an iron catalyst 4-5%
Aerosol Assisted CVD Benzylamine Ferrocene <5%
(C6H5CH2NH2/Fe(C5 H5 )2 )
Pyrolysis of melamine in presence of ferrocene 10% inclusion of N2 gas
(C3 H9N6/Fe(C5 H5)2 )
Table 3.1: Compilation of different procedures to synthesize N doped MWNTs and
the estimated nitrogen concentrations obtained. Table adapted from [6].
(C4 H4 N2 )
hydrogen,
was lhr.
as a precursor and ferrocene Fe(C5 H5 ) 2 as a catalyst. The carrier gas was
the working temperatures ranged from 600 to 900°C and the growth time
Figure 3-3 clearly shows the appearance of bell shaped compartments
Figure 3-2: Scanning Electron Microscope image of a forest of aligned CNx multi-
walled nanotubes grown at 750°C. Figure adapted from [4].
inside the tubes. This bamboo structure is characteristic of CNx tubes. CNx walls
are corrugated and not so crystalline as their pure counter part. They are also more
chemically active [23] and tend to break easily under the electron beam in the TEM
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Figure 3-3: Transmission Electron Microscope image of CVD multiwalled CNx grown
with pyridimine. Figure adapted from [4].
[6]. CVD is by far the most popular method to synthesize CNx but other methods
using laser ablation, arc discharge, and ion implantation have been explored.
3.1.2 Laser ablation
Smalley's group was among the first to report this method in 1995 [20]. Laser ablation
techniques use a high power laser beam (normally a Nd:YAG laser) to heat a carbon
target and create a plasma where nanotube growth is believed to take place. A
graphite sample is placed inside a quartz tube and a gentle inert gas flow is passed
while the temperature reaches 1200°C. Once the furnace temperature is stabilized,
the laser energy is used to vaporize the target (See figure 3-4). The graphite target
usually contains metallic catalyst particles like nickel or cobalt so a plume of molecular
carbon mixed with catalyst vapor floats for a few seconds and results in nanotube
material when it condenses. One of the earliest works involving nitrogen using this
techniques was done by Ying et al. in 1996 [5]. They ablated a graphite target in
a heated Nitrogen atmosphere and obtained doped fillerenes. Their setup is shown
in figure 3-4. We can see that the only important modification consists in the
presence of nitrogen gas and a rotating target holder that makes the process more
efficient. N doped fullerenes are carried by the gas flow to the exit of the furnace
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where they condense on the walls of the silica tube due to its lower temperatures.
Other purification methods were used to recover the material. They could produce up
to 10mg of fullerene material in one hour and the presence of nitrogen was confirmed
using X-ray photoemission spectroscopy.
laser A , >
nitrognen furnace to vacuu punp
Figure 3-4: Experimental setup for the production of nitrogen doped fullerenes. The
laser source is a 532nm Nd:Yag focused on a 3mm spot with an average power of 0.2J
per pulse. Figure adapted from [5]
3.1.3 Arc Discharge
As reported by Ijima in 1991 [19], arch discharge techniques were the first to yield con-
siderable amounts of carbon nanotubes. The method consists on placing two graphite
electrodes (a few millimeters apart) in a low pressure chamber (100-700 mbar) that
has been filled with an inert gas (usually helium or argon). Once the pressure in the
chamber reaches the desired level, a blast of power (60 to 100A at 20V) between the
two electrodes creates a plasma that vaporizes one rod and leaves nanotube deposits
on the other. This process can be continuous if a control system is attached to main-
tain the distance between the two electrodes fixed in time. Both SWNTs and MWNTs
can be obtained depending on the catalysts added to the rods. MWNTs will normally
be obtained using pristine electrodes while adding metal catalysts, such as Fe, Co or
Ni yields SWNTs. Numerous adjustments can be made to the method in order to
fine tune the obtained distribution of tube diameters. The length and the quantity
of amorphous material can also be modified by controlling the pressure, the current
levels and the chamber gas atmosphere. This led to the creation of nitrogen doped
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fullerenes in 1995. Instead of filling the chamber with Argon or Helium, researchers
in Xiamen Universiy in China [24] filled it with nitrogen in 1994. After recollecting
the material from the chamber, they found carbon nanotubes and nitrogen doped-
fullerenes. XPS measurements were again used to confirm the presence of nitrogen
in the fullerene material but there was no information on whether the nantoubes also
contained substitutional nitrogen or not. There are not many studies reporting the
synthesis of nitrogen doped tubes using the arc discharge method. It is unlikely that
efforts in this direction are now growing because most of the research attention has
shifted to higher yield methods like CVD.
3.1.4 Ion Implantation Techniques
Ion implantation techniques have been studied in great detail by the semiconductor
industry. Since the invention of the germanium transistor in the late 1940s, it was
clear to researchers that impurities in materials affect the number of available elec-
trical carriers in a material. If silicon were to be useful as a semiconductor device
platform material, a way to control its carrier density had to be developed. Among
other methods, ion implantation has allowed engineers to modify the Fermi energy
of certain semiconductors with relatively high accuracy. It is rather surprising to
note that experimental ion implantation techniques have only recently been used to
attempt carbon nanotube doping. Probably not many groups have access to this kind
of equipment but it is evident that the method offers good opportunities to accurately
introduce N into the nanotube lattice. I can find no good reason for people to have
waited so long before attempting these kinds of experiments; perhaps most research
groups have been too busy trying to fine-tune their well established CVD technique.
In 2005 Katakoski et al. [25] performed atomistic simulations to study B and N ion
implantation in carbon nanotubes. They calculated the necessary ion energies to cre-
ate substitutional defects and they showed that up to 40% of the incoming ions can be
accommodated into the sp2 positions of carbon nanotube networks. Also in 2005, a
Japanese group reported the successful experimental implantation of ultra low energy
oxygen ions on carbon nanotubes [26]. They used a 10-9 Torr vacuum and ionic ener-
41
gies around 23eV to implant the CVD grown SWNT samples. They relied on Raman
scattering experiments to see changes in the D band intensity and to correlate these
spectra with the amount of oxygen in the nanotube lattice. Finally, to the best of my
knowledge, the first nitrogen ion implantation experimental work was performed in
2005 by Yamamoto et al. [27]. They shoot SWNTs with a mass-separated ion beam
system and used ion beam energies of 30eV. Using TEM, they reported the expected
change in morphology due to nitrogen related defects in the nanotube walls. They
also used Electron Energy Loss Spectroscopy (EELS) measurements to discriminate
between pristine and irradiated samples. Similar irradiation methods were used to
bombard a Carbon Nanotube-Field Effect Transistor (CN-FET). Under normal cir-
cumstances, when built with pure nanotubes, these devices exhibited p-type behavior.
However, Yamamoto's team found that the transistor exhibited n-type behavior after
being irradiated with nitrogen. Nitrogen acts as a donor in a CN system so this
method seems to be feasible, specially if we want to spatially control doping levels
in the future. I envisage that more sophisticated masking techniques could be later
developed to shoot an ion beam at specific parts of a nanotube and thus create single
nanotube nanoelectronic diodes and transistors.
3.1.5 Fabrication Remarks
There exist a vast number of nanotube fabrication techniques that could be mod-
ified to dope nanotubes with nitrogen. Examples are plasma enhanced CVD and
microwave methods, as well as some other chemical or heat treatments that could
take pristine nanotubes and make them react with nitrogen containing compounds.
The latter approach has proven successful for Boron doping [17]. CVD is so far the
preferred technique for doping nanotubes with nitrogen but as I previously described,
opportunities to develop successful methods are vast and strategies to synthesize N-
doped nanotubes may work under significantly different principles.
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3.2 Introduction to Electronic and Mechanical Prop-
erties of Nitrogen Doped Carbon Nanotubes
As seen on figure 3-2 the presence of nitrogen atoms in the nanotube walls breaks the
bonding symmetry and creates corrugated tubules with internal bell shaped compart-
ments. This so called "bamboo" structure has not been confirmed for SWNTs, but
is a well documented property of multiwalled CNx tubes [7, 6, 28, 8, 29]. There are
no experimental reports on how nitrogen doping influences SWNT morphology but
it is interesting to mention that besides the "bamboo" structure, Terrones et al. [7]
also observed that the number of layers in multiwalled nanotubes decreases as the
amount of nitrogen intake is increased. This very interesting finding is discussed later
in greater detail but our experiments showed that excessive amounts of nitrogen in-
side the silica tube, inhibit SWNT growth. The insertion of nitrogen in the nanotube
lattice also decreases the mechanical stability of the tubes [30].
Not all nitrogen atoms in the tube wall are bonded in the same way. Theoretical
calculations [6] show that that there are various possible bonding configurations. As
described by Ewels and Glerup [6], figure 3-5 shows possible pyridinic, pyrrolic and
graphitic nitrogen sites.
Pyridinic Pyrrole Graphite-like
Figure 3-5: Possible bonding arrangements of nitrogen in a graphene lattice. Figure
adapted from [6].
This idea is further supported by experimental XPS and EELS data showing a
splitting of the binding energy peaks close to 400eV [7] and by scanning tunnel-
ing spectroscopy (STS) measurements where distortions are seen in the tube lattice.
Figure 3-6 shows a proposed geometry for a CNx tube containing pyridinic sites
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.
Figure 3-6: Left: Proposed model for nitrogen incorporation into a carbon nanotube
lattice.Right: High resolution STM image of a double walled N doped carbon nan-
otube; circles denote the presence of possible pyridinic sites. Figure adapted from:[7]
along with an experimental high resolution STM image of a 20nm diameter N doped
MWNT [7]. The STM image shows distortions or "holes" which according to the
authors could correspond to pyridinic sites.
Since nitrogen has one more valence electron than carbon, it acts as an electron
donor and its presence makes the walls of the tubes more reactive. It also makes
the material an n-type conductor and raises the Fermi energy. The theoretical elec-
tronic density of states in pure carbon nanotubes is symmetric and dominated by
van Hove singularities. When nitrogen insertion occurs, localized electronic states
are introduced above the Fermi energy and a pronounced peak appears in the density
of states band gap close to the Fermi energy. This means that nanotubes that are
initially semiconducting may exhibit some aspects of metallic behavior after doping.
Figure 3-7 shows the theoretical local density of states (LDOS) of a zigzag nanotube
before and after doping.
Apparently, small amounts of Nitrogen (< 1% from an alloy point of view) can
induce large changes in the electronic properties of carbon nanotubes, so improved
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Figure 3-7: Left:Calculated Local Density of States for an originally semiconducting
zigzag nanotube. Note how a new peak appears close to the Fermi energy after
doping. Right: Model of a zigzag nanotube containing pyridinic-like defects. Figure
taken from [7]
control of foreign atom insertion is imperative before fully functional nanoelectronic
devices become a reality.
3.3 Synthesis and characterization of nitrogen doped
SWNTs
As I mentioned earlier, researchers have succeeded in doping multiwalled carbon nan-
otubes with nitrogen; however, doing so with SWNTs has proven to be more chal-
lenging, and successful experimental reports are still scarce [31, 27].
Professor Dresselhaus' group at MIT has a collaboration with a group at Instituto
Potosino de Investigaci6n Cientifica y Tecnol6gica (IPICYT) in Mexico. Students
at IPICYT prepared an aqueous solution containing 1.25% by weight of ferrocene
Fe(C5 H5 )2 , used as a catalyst, and two different carbon sources: ethanol (C2 H60)
and benzylamine (C7H9 N), the latter being the nitrogen source in the system. The
total amount of solvent in the solution was 98.75% by weight, composed of different
proportions of both solvents where the amount of benzylamine ranged from 0 to
26%. The amount of nitrogen incorporated into the tube walls is related to the
concentration of benzylamine in the ethanol solution, but it is important to note
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Figure 3-8: Simplified schematic diagram of the experimental setup used to pyrolyze
an aerosol containing various benzylamine concentrations. Figure adapted from [8]
that this relationship is not expected to follow a completely linear trend. Whenever
we mention nitrogen or doping concentrations in this thesis, we refer to the % of
benzylamine added to the above described precursor solutions.
The ferrocene-ethanol-benzylamine solution was placed into a container and then
turned into an aerosol using an ultrasonic sprayer. See figure 3-8. The aerosol was
then pyrolyzed at 950°C, using a tubular furnace, in an inert argon atmosphere, with
a flow of 1.19 L/min. The reaction was carried out for 30 minutes and the substrate
for the SWNT deposition was a quartz tube of 2.5 cm. A similar method has been
described elsewhere [32].
From this reaction, carbon nanotube (CNT) material was obtained inside (hot
zone) and outside the furnace (cool zone). The material deposited in the hot zone
consists on MWNTs with a large amount of amorphous carbon and encapsulated iron
particles; this part of the sample was not relevant to our study. However, the cool zone
of the quartz tube yielded material containing the nitrogen doped SWNTs (See fig-
ures 3-8 and 3-9). Increasing the benzylamine concentration in the original solution
results in an increased nitrogen doping concentration but the amount of sample ma-
terial obtained is reduced significantly (to a few hundred micrograms per run). Many
experimental runs had to be done in order to collect enough "high-nitrogen content"
sample and, 33% by wt of benzylamine in the ferrocene/ethanol/benzylamine (FEB)
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BFigure 3-9: (A) and (B): Photographs of the cool zone of the furnace where the
nanotube material is deposited on the surface of the quartz tube. (B) and (C):
Nanotube material being collected by carefully scraping the quartz surface with a
metallic tool. Pictures are the courtesy of Ana Laura Elias.
Figure 3-10: Macroscopic SWCN fiber extracted from the cool zone of the furnace.
Picture is the courtesy of Ana Laura Elias.
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solution was found to be the upper doping limit (going over this limit completely
inhibited nanotube growth). Special thanks to Ana Laura Elias for providing the
material included in this section.
The effects of nitrogen doping in SWNTs were studied using scanning electron
microscopy (SEM was performed by IPICYT students), transmission electron mi-
croscopy (TEM was performed at MIT and at Shinshu University), Raman Spec-
troscopy, and Thermogravimetrical analysis (TGA). Low temperature electrical mea-
surements were also performed at MIT using a Superconducting Quantum Interfer-
ence Device together with a semiconductor analyzer. A detailed description of the
experimental setups and a comparison between the results obtained with each tech-
nique is contained in the following section.
3.4 Experimental studies on the effects of N dop-
ing on Single Walled Carbon Nanotubes
3.4.1 Electron Microscopy
SEM images of the SWNT material show the presence of entangled fibers that corre-
spond to SWNT bundles of ca. 10-30 nm in diameter (See figure 3-11(a)). In addition,
we observed metal particles, identified as Fe that catalyzed the nanotube growth (see
figure 3-11(b)). The collected macroscopic strands were as long as 10 cm. As we
increased the benzylamine content in the FEB solution, we noted that the bundles
got shorter and thinner while the amount of leftover catalyst particles and amorphous
carbon gradually increased. When using large concentrations of benzylamine in the
FEB solution (e.g. > 33% by wt), SWNT growth was completely inhibited. This is
possibly due to the fact that large amounts of N promote the formation of pyridene-
like dopant sites that decrease the stability of the nanotube walls, thus inhibiting the
overall nanotube growth.
Transmission Electron Micrographs from samples with different nitrogen concen-
trations were obtained using a JEOL EM-2011 high resolution TEM operated at
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200kV and a HRTEM, JEOL JEM-2010FEF instrument equipped with an in column
omega-type energy-filter, operated at 200 keV. Figures 3-11 through 3-14 confirm
the presence of single walled nanotubes for all nominal nitrogen concentrations (%
of benzylamine included in the sprayed solution). The obtained TEM micrographs
also show that "bamboo" structures (containing bell-shaped compartments inside
the tubes) do not occur in N-doped SWNTs; curvature effects may prevent this kind
of defect from being energetically viable. Due to the low temperatures at which the
growth took place (cool zone of the furnace), every sample showed significant amounts
of amorphous carbon and metallic particles encapsulated in graphitic layers. Defec-
tive and crystalline tubes were both found in the pristine sample and in the 2%N and
23%N (x %N means x wt% of benzylamine in the FEB solution) samples. Qualitative
observations show that tube diameters vary around 1.6nm average diameter, which
is consistent with the Raman measurements.
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2Qnm 23% N
Figure 3-11: Scanning Electron Micrographs of SWNT strands synthesized with (a) 0
and (b) 7%wt benzylamine in the FEB solution. Transmission Electron Micrographs
of samples with (c) 0%, (d) 2%, (e) 3%, (f) 7%, (g) 13%, (h) 17% and (i) 23% of
benzylamine in the FEB solution.
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Figure 3-12: High Resolution TEM images of a SWNT sample with Owt% of benzy-
lamine in the FEB solution. Special thanks to microscopist Eduardo Barros.
. · , "
of ::.:.. :f , ~
.i ."~!:
.. .
.^,w, ~~~~~. - ,
Figure 3-13: High Resolution TEM images of a SWNT sample with 2wt% of ben-
zylamine in the FEB solution. Most of the tubes show rugged walls but there is
an absence of bell shaped compartments on their inside (characteristic of "bamboo"
N-doped multiwalled tubes). Special thanks to microscopist Eduardo Barros.
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Figure 3-14: High Resolution TEM images of a SWNT sample with 23(o nitrogen
(synthesized with a sprayed FEB solution containing 23wt % of benzylamine). Dark
spots are iron nanopartcles originally present as dissolved ferrocene catalyst in the
sprayed solution. The microstructure of the tube walls is similar to samples with
little or no nitrogen concentration. Special thanks to microscopist Eduardo Barros.
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3.4.2 Raman Spectroscopy
Raman spectroscopy has proven to be a powerful tool for analyzing carbon nanotubes
[33, 34]. When adequate laser power levels are used, it is a non invasive technique
which quickly reveals information about the electronic structure, nanotube diameter,
chirality and amount of defects in a nanotube sample. A Raman signal will be en-
hanced if the tube is excited with a laser energy that matches the energy separation
between the van Hove singularities of a nanotube [34]. Unfortunately, present fab-
rication techniques often yield carbon nanotube samples that contain a mixture of
tubes with different lengths and chiralities, and for this reason many laser lines have
to be used in order to determine what kind of tubes are the most abundant in the
sample.
Sample Preparation and Experimental Setup
Raman spectroscopy was performed on bundle samples like the one showed in figures
3-9 and 3-10. Every measurement was conducted at room temperature and power
levels were always kept below 0.5mW to avoid excessive heating and undesired Raman
shifts of the G band or other features. A OOX lens was used to focus the laser beam
on a spot with a - 1, radius and acquisition times varied from 5 seconds to 1 minute
depending on how strong the obtained sample signal was. Scattered light was collected
through the 1OOX objective using a backscattering geometry. The system used was
constructed by MIT EECS student Hyung Bin Son. A Kr+ ion laser and a dye laser
(using DCM and Rhodamine 6G dye) were pumped by an Ar+ ion laser in order to
generate the required frequencies. A thermoelectrically-cooled Si CCD detector was
used in conjunction with the dye laser.
Data analysis procedures
Most of the spectra shown in this work are the result of averaging five independent
measurements, taken at different spots on the sample, to take into account possible
sample inhomogeneities. These spectra yielded average behavior (adding the total
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number of counts at each frequency and dividing by the number of times the ex-
periment was repeated on a different spot of a sample) as well as deviations from
the average. The reason for following this procedure is to take into account sample
heterogeneities that could result in misleading spectra if some spots contain impuri-
ties including amorphous carbon or different nanotubes according to their diameter
and chirality and therefore different fundamental behavior. Every spectrum was nor-
malized to the intensity of the G band and a line shape analysis was performed with
linear baselines, Savitsky-Golay smoothing and Lorentzian functions using PeakfitTM.
When relative intensities between different peaks are shown, the input to the ratios
comes from integrating the total number of counts under a determined frequency
region. The code to perform these calculations was written in MatlabTM.
Results and Discussion
Like most nanotube samples, ours is not entirely composed of a single nanotube
species. The sample contains mostly SWNT but they may vary in length, chirality
and diameter. In order to "map" the contents of the sample, we selected several
laser energies (El,,,,er) and used the Kataura [35] plot to determine if the tubes in
resonance were metallic or semiconducting. Depending on its diameter and chirality,
each nanotube will possess different energy spacings between Van Hove singularities
[34] . This means that certain laser energies will excite only specific types of (n,m)
nanotubes; the Kataura [9] plot allowed us to determine if the tubes we were exciting
were metallic or semiconducting.
Radial Breathing Mode (RBM)
The relationship between tube diameter and Raman shift has the form WRBM =
A/dt + B [34], where WRBM is Raman shift (cm-l) of the radial breathing mode
(RBM), dt is the tube diameter (nm) and A and B are experimentally determined
constants. It is important to note that Kataura plots are well established for pure
CN systems [36, 35] but have not been created for doped nanotubes. We used the
relation w = 240/dt [37, 31] together with a Kataura plot that was constructed using
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Figure 3-15: Horizontal lines mark the laser wavelength used to excite the sample;
Stars represent frequencies where Raman features were observed and circled stars
denote the two most intense peaks after normalizing the intensity of the RBM spectra
to that of the G band. The location of the different (2n+m) nanotube families with
respect to transition energies and tube diameter was taken from [9]
extended tight-binding calculations and many body corrections [9] (Special thanks to
Georgii Samzonidse). It would be impractical to present all the obtained spectra in
this work but among the laser lines used in the Raman experiments are: 476.5nm,
514nm, 595nm, 605nm, 615nm, 629nm, 678nm, 785nm and 798nm. The Kataura plot
in Figure 3-15 shows four excitation laser energies and each star marks the frequency
(inverse tube diameter) where a Raman peak appeared; circled stars represent the
two most intense features in the RBM region of the spectra.
After probing samples synthesized with different nitrogen concentrations (rang-
ing from 0 to 23 % of Benzylamine in the aqueous ethanol-ferrocene-benzylamine
solution) we noticed a decrease in the intensity of the features corresponding to large
diameter tubes, regardless of the used laser line. Higher nitrogen concentrations in the
FEB solution, inhibited the formation of large diameter tubes. Said in a slightly dif-
ferent way, the presence of nitrogen in the reactor promoted the formation of smaller
diameter SWNTs. Figure 3-16 illustrates that behavior. Most of the observed spec-
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Figure 3-16: (Left) RBM region for samples with different nitrogen concentrations.
The laser energy is always Easer=1.82eV (678nm). Each line is the result of repeating
the same experiment 5 times and averaging the results. Note how the intensity
of the low frequency peak decreases as nitrogen concentration increases. (Right)
Ratio between the integrated area under the semiconducting-large diameter (A) and
metallic-small diameter (B) regions of the spectra
tra contain two distinctive (A and B) features in the RBM region . If we calculate
the ratio between their intensities, the effect of nitrogen incorporation is highlighted;
the formation of big diameter nanotubes is inhibited. This result (see figure 3-16
(Right) ) can be correlated with a study performed by Choi et al. [38] where they
report that N doped (substitutional) inner layers in double walled nanotubes become
more stable as the inner wall was more heavily doped. In addition, previous stud-
ies [8] indicate that for low N concentrations, substitutional N species are dominant
in the sample, whereas at high N concentrations, pyridine-type N is present in larger
amounts. The latter reduce the crystallinity of the graphene shells. These previous
observations are also consistent with our experiment, because we noted a decrease in
the nanotube yield when a high percentage of benzylamine (> 33%wt) was used in
the FEB solution.
The number of counts (Raman intensity) obtained using a certain Elaser with a
fixed acquisition time depends on the amount of tubes in resonance that are present in
the sample (It also depends in other factors like the number of photons incident on the
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tubes, light gathering efficiencies of the scattered light etc.) [33]. However, as men-
tioned earlier, nanotubes will only be in resonance with a certain Elaser if it matches
their transition energy levels. By analyzing figure 3-16 we could also infer that the
ratio of metallic to semiconductor tubes is changing in the sample as we increase the
nitrogen concentration. However, if we select a different laser line with the purpose
of inverting the metallic and semiconducting peaks (high frequency RBM peak cor-
responding to semiconducting tubes and low frequency RBM peak corresponding to
metallic tubes), we notice that the trend continues to signal a decrease in the in-
tensity of the prominent low frequency (large diameter) Raman feature. This effect
discards the idea of a significant metallic/semiconductor ratio variation as a function
of nitrogen concentration, since the large A/B ratio at low nitrogen concentrations is
also observed when we switch from Elaser = 1.82eV (where A is for semiconducting
tubes and B is for metallic tubes) to Elasr,=1.55eV (where the opposite identification
is made. See figure 3-17). Figure 3-17 shows an amplified RBM region of the Ra-
man spectra taken with Elae,=1. 5 5 eV for samples containing nitrogen concentrations
ranging from 0% to 23%.
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Figure 3-18: (Left) RBM region for a 629nm (Elas,,, = 1.97eV) laser line. (Right)
Ratio between the two most intense peaks (A/B) in the RBM region as a function of
nitrogen concentration
Note how Region A in figure 3-16 is semiconducting, as opposed to region A
(metallic) in figure 3-17. This red Ease,,,, 1.55eV (figure 3-17) does not provide such
a nice linear behavior like its El,,,,e = 1.82eV (figure 3-16) counterpart, but the same
general trend is clearly visible again. The ratios between the A and B regions are
shown in figures 3-16, 3-17 and 3-18.
If we shift El,a,, towards the blue (figure 3-18) we find that El,,,, = 1.97eV
(629nm) exhibits the same behavior as is seen in figure 3-16. The Raman feature
in the lowest frequency A region (bigger diameter tubes) of figure 3-18 is clearly
disappearing as we increase the dopant concentration (See figure 3-18).
It is important to mention that other features at higher RBM frequencies >
250cm-1 are also being affected by the amount of nitrogen in the sample. However it
becomes complicated to find and highlight linear trends related to doping. Finally, the
highest energy used in our experiments was Elase = 514nm. This laser line provides
quite different spectra than its red counterparts. As can be seen in figure 3-15, high
transition energies are more likely to excite a broader category of nanotube families.
Thus, we don't see the former distinct A and B regions but we see only one broad
RBM peak located at w i 260cm-1 .
59
Co4a)
C:
(2
. A/B
0
0 S
* * .
Changes in the frequency (w) of the RBM features as a function of nitrogen
concentration were analyzed but we found random variations in peak frequencies not
greater than a few wave numbers. We conclude from this observation that the A and
B regions are always present at the same frequencies (for a given Elaser) regardless
of the variations in the nitrogen precursor (benzylamine) to dope the sample. It is
rather the experimental conditions (temperature, growth time, gas mass flow etc.)
that determine the initial location of peaks A and B. This suggests that adding
nitrogen does not modify the predetermined WRBM values. However, the nitrogen
concentration tunes the ratio between the A and B RBM intensities; nitrogen also
inhibits the growth of the bigger diameter nitrogen doped nanotubes.
Tangential modes: G and D bands
This section reports Raman results for a first order Raman process at higher phonon
frequencies and yields information on the metallicity and crystallinity of a nanotube
sample [33]. The G band in graphite is located at w = 1582cm-1. Nanotubes will
normally exhibit this feature at around w = 1592cm-1 . The G region in a nanotube
sample is composed of various peaks (at least six have been identified [2]) whose
intensities and frequencies depend on the nanotube diameter and the amount of free
charge carriers available. Chirality is also a factor. The two most remarkable features
of the G band region are the G+ and the G- bands. G+ at - 1592cm-1 comes
from atomic vibrations along the nanotube axis while G- ( 1572cm-1 ) is generated
when atoms vibrate in the circumferential direction and is downshifted from G+
because of the SWNT curvature. This curvature effect brings in a small out of plane
vibrational component of lower frequency and is responsible for the mode softening.
If the nanotube sample contains metallic tubes, the G- feature shows a broadened
line shape. This broadened line shape can then be fitted using Breit-Wigner-Fano
(BWF) functions instead of the accustomed Lorentzian functions. A decrease in the
mean tube diameter of the sample will also downshift the G- frequency making it
a complementary alternative to analyze the diameter distribution of a sample. It is
important to remark that the RBM region provides a more accurate determination
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of the diameter distribution than the G band.
The D band is related to the presence of defects in a carbon nanotube sample [33];
the more defective the sample, the more intense the D band will be. It is still impossi-
ble to discern what specific kinds of defects produce a particular D band behavior but
the D band is certainly a good indicator of the quality or crystallinity of a nanotube
sample. It is important to be aware that amorphous carbon may also trigger this
feature. The D (disorder induced) band normally appears at WD = 1300cm-1 and
has a strongly dispersive behavior that makes wD shift with El,,,,r. Furthermore WD
also decreases as a function of 1/dt [33].
As the amount of nitrogen included in the synthesis process is increased, one ex-
pects to obtain more nitrogen atoms in the SWCN walls. The relationship between
the amount of nitrogen present in the quartz tube during growth and the amount
of nitrogen actually inserted in the tube wall is unknown. Moreover, an exact lin-
ear behavior is not expected. Our results suggest an abrupt change in behavior at
low concentrations and also a peak nitrogen intake occurring at some concentration
leading to saturation behavior. Once saturation sets in it makes little difference to
keep adding nitrogen. As previously shown in fig 3-5, nitrogen adds disorder to the
tube lattice and might promote the creation of dangling bonds or defective sites with
localized electron-rich zones.
I now proceed to describe what we found in the D-band region of the spectra of our
samples. Figure 3-19 shows a compilation of spectra taken with three different Elaser
values. The left hand column contains spectra showing which D and G band regions
were used to compute the values plotted on the right column. For every Elaser, we
observe a gradual increase in the D/G ratio as a function of nitrogen concentration.
This approach by itself is insufficient to determine what type of defect is causing this
behavior (kinks, vacancies, heptagon-pentagon pairs, hetero-atoms, impurities [34])
but we believe that nitrogen incorporation in the lattice is the dominant cause for
the D-band intensity increase. I will later discuss how transport measurements and
TGA experiments shed light on this problem.
The D band also exhibited the usual dispersive behavior as we proved with dif-
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Figure 3-19: (Left Column) Raman spectra obtained from shining three different
laser lines at samples with various nitrogen concentrations. Every single Raman
spectra comes from averaging five independent experiments. Square boxes act as
delimiters to show the range of frequencies used to estimate the intensity of the D and
G regions. This method eliminates human error when peak fitting and incorporates
possible shifts in frequency. (Right Column) D to G intensity ratios for three
different El,,,,aser as a function of nitrogen concentration
62
798nmD/G
j
-~3.0-2.5-
r 20-
.0
C 1.5.
_ 1.0.
0.5
1 0.0-
a
:0.6
~ .o
'T 0.4C0.2
( 0.0
D
'oi
9
C
E
D/G 678nm 1
U U
*0.0021x+0.024
y=0.0021x+0.024
I
IM-I- J 
6 -- .
I
.1
I
I
11
11A
i~nA
LI
__S uo E
If
1! -B -1
y=0.0879x+0.0043 
i I j
. . . . . .
r . . . . . . . . . . . . .
ferent ElaseT. It is also remarkable that, for a fixed Ela,,ser, the frequency of the D
band is not linearly related to nitrogen concentration; the same happens to its full
width half maximum. Yang et al. [39] recently reported a downshift of the G band
frequency and an upshift of the D band frequency as the Nitrogen/Carbon ratio of
their sample (double and multi-wall tubes) increased. They also declare that this ef-
fect for Boron doping is more pronounced than that for Nitrogen doping. Taking this
observation into account, we analyzed the D and G frequencies in our data. Small
changes (< 6 wave numbers) do occur but there is not a clear relation between the
amount of shifted wave numbers and nitrogen concentration in the sample. We thus
attribute these changes to random variations inherent to the intrinsic uncertainty of
our experimental setup.
Other Raman Features
D, G and RBM regions are the most widely used portions of the Raman spec-
tra to extract information about carbon nanotubes. Researchers still lack com-
plete understanding of the intermediate mode frequencies or features located around
w = 1850cm-1. As future work, interesting features presented by this sample at
w- =1750cm - 1 and - w = 1900cm- 1 ought to be analyzed in greater detail.
From the Raman spectra in the RBM region we can conclude that nitrogen in-
hibits the growth of the larger diameter tubes. From observing the D/G ratios we
also conclude that increased nitrogen concentrations increase the amount of defects
present it the sample. We expected to see a shift in the frequency of the G band
like Yang et al. previously reported [40]. However out data shows that the G-band
remains unchanged. The same occurs for the D-band. A possible explanation is that
N atoms embedded in a SWNT induce proportionably less dramatic morphological
changes compared to MWNT systems. TEM images (see figures 3-12 through 3-14)
support this argument by exhibiting the lack of a pronounced "bambo" structure in
doped SWNTs. In order to gain a deeper understanding of the effects of N in our
sample, I next describe what we learned from performing low temperature electrical
measurements and thermogravimetric analysis (TGA) experiments.
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3.4.3 Low Temperature four point electrical conductivity mea-
surements
The change in the Density of States induced by nitrogen doping is well documented
for multi-wall carbon nanotubes [28]. In order to investigate this phenomenon in our
single-wall sample we performed low temperature four point electrical conductivity
measurements. At room temperature most donors are ionized (extra electrons have
enough energy to move into the conduction band) and some valence band electrons
may be present in the conduction band so this kind of measurement would not yield
enough information about the effect of nitrogen doping on carrier densities. However,
lowering the temperature at a controlled rate allowed us to bypass initial contact
resistance differences between samples and to proceed to compare the behavior of
their activation energies and/or their freeze-out temperatures. Figure 3-20 provides a
pictorial explanation of the behavior we wanted to compare as a function of nitrogen
concentration.
Sample preparation
In order to carry out these measurements we first needed to obtain the best possible
electrical contacts. The formation of undesirable Schottky barriers is unavoidable but
three different approaches were tested and one gave positive results (See figure 3-21).
Approach A consisted of dispersing the tubes in distilled water and spin coating
the resulting solution on top of interdigitated gold electrodes. Once the solution
evaporated, randomly placed nanotubes would close the circuit between both gold
electrodes. This approach seemed to work at room temperature but the contact
was too fragile and a difference in the expansion coefficients would have destroyed
these contacts at very low temperatures. Moreover, since our doped tubes possess
highly reactive walls, it is easy to contaminate them while making a solution and
surfactants cannot be used to improve the dispersion rates. Approach B consisted
of placing a very thin strand of a SWNT fiber (5mm long and -lmm thick) on
a silicon wafer. Once the sample was fixed to the wafer, a specially designed mask
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Figure 3-20: Temperature dependence of the majority carrier concentration as a func-
tion of temperature. At temperatures below -freeze out-, donor atoms will possess
all their weakly bound extra electrons and a decrease in the amount of carriers will
result in increased resistivity because the donor atoms act as scattering centers for
charge carriers. As the temperature is gradually increased, donors are ionized and
free their electrons for introduction into the conduction bands. Some valence band
electrons may have enough energy to make it to the conduction band. Conductivity
in the extrinsic temperature region is highly dependent on the doping concentration
(ND). As the temperature is increased, electrons in the valence band will exponen-
tially acquire enough energy to jump into the conduction band and will become the
primary source of carriers. At temperatures in the extrinsic region, the importance
of doping is nullified due to the overwhelming amount of charge carriers coming from
the valence band. Figure adapted from from: [10]
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Figure 3-21: Different methods for connecting a SWNT macroscopic fiber. (A) In-
terdigitated Gold Electrodes. (B) Evaporated gold thin film. (C) Chip holder and
gold wire connected with liquid silver.
with 100/tm openings was placed on top and the ensemble was placed inside a metal
evaporator. Gold electrodes were evaporated on top of the sample; they seemed
to make good electrical contact but temperature induced fragility was a problem
again. The thickness of the evaporated gold layer was minimal compared to the
SWNT sample thickness, so mechanical stability was a concern and we feared that
temperature changes would only worsen the contact. Finally, approach C provided us
with a good electrical contact that was mechanically stable. A thin strand of SWNT
fiber was placed on top of a chip holder. Once the sample was in place, ultra thin
gold wires and silver paste were used to make four contacts along the length of the
sample. The chip holder also had the advantage of being size and shape compatible
with the Super-conducting Quantum Interference Device (SQUID).
Experimental Setup
We chose to make every electrical connection for the electrical results resulted using
the chip holder approach. Once the sample was securely connected to the chip holder,
we proceeded to connect its terminals to an HP-4156A semiconductor analyzer and
placed it inside the sealed chamber of a SQUID machine. The HP-4156A provided us
with a set of accurate programable voltage/current meters and sources. The SQUID
machine was used solely for temperature control applications but its magnetic sus-
ceptibility capabilities could be used in the future to measure the conductivity as a
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Figure 3-22: Photographs of (A) Chip holder and its respective socket at the end
of the squid skewer. (B) and (C) Both ends of a SQUID skewer containing cabled
interconnections on the inside. (D) Sealed entrance to the SQUID chamber showing
the outcoming electrical connections to the sample. (E) SQUID machine. Control
Unit (left) and sealed chamber (right). (F) Back panel of the HP4156A showing
coaxial cables coming from the sample. (G) Picture of the network based application
used for remote control of the experiments.
function of applied field. Figure 3-22 shows the independent components of the sys-
tem. In order to fully automate the experiment, the SQIUD and the semiconductor
analyzer were communicated to one another using GPIB ports. A Delphi compiler
was used to write the control code and to generate special .dll files that the SQUID
can interpret. Once the .dll files were read by the SQUID software, the SQUID sys-
tem controlled the temperature while sending the required trigger commands to the
HP-4156A. Once the program began running, the SQUID began dropping the tem-
perature, giving instructions to the HP4156A and collecting the relevant data (E.g.
The chamber temperature, current applied to the external terminals and the mea-
sured voltage between the internal terminals (See Figure 3-23)). Each experiment
could also be controlled through the world wide web in real time.
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Figure 3-23: Schematic of the contact configuration on top of the chip holder. A
current was applied to the external contacts while measuring the created voltage
on the internal terminals. The initial resistivity varied from sample to sample. We
tried to apply the lowest possible current levels to every sample in order to avoid
unnecessary thermal power dissipation that could induce noise in the low temperature
regimes.
Results and Discussion
Four samples with different nitrogen concentrations (pristine, 2%, 13% and 23%)
were connected as previously described and four point electrical measurements were
performed while dropping the temperature at a rate of 8K per minute. The temper-
ature sweep ranged from 300K to 2K. The undoped sample showed a semiconducting
behavior through the whole temperature range. The conductivity (a) decreased ex-
ponentially with temperature following the well known relations:
a = qND (3.1)
and
(EF-Ei )n =nie kT (3.2)
where a corresponds to the electrical conductivity, /u to the mobility, ND to the donor
concentration, n to the total carrier concentration, ni to the intrinsic carrier concen-
tration, EF to the Fermi energy, Ei to the intrinsic Fermi energy, k to Boltzmann's
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Figure 3-24: (Left) Conductivity as a function of temperature for a pristine SWNT
fiber (Black squares). Note how a keeps decreasing exponentially with temperature.
(Continuous red line) The fitted curve used to obtain the values for the donor energy
levels and carrier concentrations. (Right) The same experimental run on a sample
with 2% nitrogen (2% of benzylamine in the ferrocene-ethanol-benzylamine solution
used in the growth process). Note the flattening of the curve and the higher cut with
the u/initial axis at low temperatures.
constant and T the to temperature. Figure 3-24 (left) shows this experimental behav-
ior along with an exponential fit that yielded calculated values for the corresponding
energy levels within the band gap (dE = EF- Ei) and their carrier concentrations
(n). Special thanks to Hyung Bin Son for suggesting the model and performing the
fittings. Figure 3-24 (right) shows the same experiment performed on a SWNT with
2% nitrogen. The same fitting model is applied but we can already see the first differ-
ence; the relative conductivity a at very low temperatures is '- 14% higher thanOinitial
that of the pristine sample. In this case the conductivity did not continue dropping
all the way to zero. Also, according to the fitting results, the density of states has
been comparatively enhanced at similar energy levels. Figure 3-25 contains results
for the same experiment but performed on samples with 13 and 23% nitrogen. We
observe exactly the same trend that the pristine and the 2% N sample showed. The
intersection with the a axis at the lowest temperature is at -0.2 and --0.3 re-O'initial
spectively; the final 7 increases as we increase the nitrogen concentration. Figureff initial
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Figure 3-25: Conductivity as a function of temperature for a SWNT fiber doped with
13% (Left) and 26% (Right) nitrogen. Note how the intersection with the relative
conductivity (al/initial) axis increases with nitrogen concentration
Nitrogen Concentration Fitted Model
093meV 4.3meVPristine n = 0.266e kT + 0.701e kT
OmeV 2meV .lmeV2% Nitrogen n = 0.137e-kT + 0.189e kT + 0.946e T
OmeV 8.7meV 50meV13% Nitrogen n = 0.234e T + 0.795e kT + 1.27ekT
.... OmeV 12meV 81meV23% Nitrogen n = 0.297e Te + 1.070e kT + 133e 
Table 3.2: Numerical values for carrier concentrations and their corresponding energy
levels as a function of nitrogen concentration
3-26 shows this trend. A more careful examination also reveals that the originally
exponential curves for the pristine sample, become flatter and more inclined as the
nitrogen concentration increases. The model used to fit the data in figures 3-24
and 3-25 has the following form:
dE1 dE 2 dE 3
n = ne kT T + n 3kT 3 ekT + ... (3.3)
Table 3.2 shows the corresponding numerical values for the obtained ni and dEi
where i=1,2,3.... If we use the values in Table 3.2 we can approximate the density
of states at the different available energy levels. By looking at figure 3-27 we learn
that increasing the amount of dopant (left) enhances the DOS at energies close to the
conduction band ( OmeV) and (right) creates deeper energy levels . An enhance-
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Figure 3-26: Conductivity values obtained at the lowest achievable experimental tem-
perature. Each square represents the intersection with the y axis for each of the four
nitrogen concentrations in figures 3-25 and 3-24. Note that these experimental values
correspond to the lowest temperature level (2-3K).
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Figure 3-27: (Left) Approximate DOS vs Energy Levels for samples with different
amounts of nitrogen. (Right) Plot of the highest and lowest energy levels created
inside the band gap for samples with different concentrations of nitrogen
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ment of the DOS at certain energy levels is in agreement with previous theoretical
calculations performed on N-doped multiwalled carbon nanotube systems [7]. It is
therefore reasonable to observe a similar behavior in our SWNT system. However,
it is remarkable that under a certain temperature, the nitrogen doped samples did
not continue to show the original decrease in conductivity. In the case of the 23%
N sample, the conductivity began increasing as the temperature dropped below 30K
(Refer to figure 3-25). It is unlikely that the mechanical stability of the electrical
contacts was the cause for this behavior. If we discard contact stability issues, this
event can be explained either by a sudden increase in mobility or by a decrease in the
rate of donors recovering their once (high temperature) ionized extra electrons. It
can be complex to define the exact cause because the mobility has a T- s dependence
on temperature and little dependence on lightly doped samples. However, as the
doping level increases, ionized impurity scattering cannot be ignored. It is known [10]
from silicon technology that ionized impurity scattering will become important at
low temperatures thus decreasing the temperature exponent s and lowering the slope
of the mobility curve for highly doped samples. The increased conductivity that we
observe at low temperatures in the doped samples requires either a marked increase
in mobility or an increase in the number of carriers available at that temperature.
Both effects are likely to happen simultaneously.
3.4.4 Thermogravimetric Analysis (TGA)
Thermogravimetric Analysis (TGA) consists in raising the temperature of a sam-
ple while monitoring its weight with a relatively accurate balance (grams). Sub-
tle changes in weight will depend on the thermal stability of the sample and on
its volatile component fraction [41]. Contrary to what our intuition would initially
guess, a sample's weight may also increase as the temperature is raised. In the case
of nanotube samples heated in an oxidizing atmosphere, weight losses will normally
happen due to amorphous carbon or to nanotubes reacting with oxygen to create
carbon dioxide (C0 2) and/or carbon monoxide (CO). On the other hand, the sample
will gain weight when metallic catalytic particles increment their mass by oxidizing
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(Eg. Fe + 02 = FeO2 ). It depends on sample purity and composition but these
two processes normally happen at different temperatures and researchers are able to
relate them to different peaks or changes in slope in the obtained Temperature Vs.
Weight Percentage plots. In order to gain deeper insight into a sample's composition
and with the purpose of increasing the measurement accuracy, researchers also do
these experiments in inert gas atmospheres (Ar,N,He etc.). Nanotubes can withstand
higher temperatures and combustion is less likely to happen. It is important to re-
mark that controlled oxidation does not provide the same result as abrupt combustion
where reactions might happen too fast to allow for information extraction. Lower-
ing the heating rate to <5°C per minute also helps in avoiding triggering unwanted
irreversible combustion processes.
When doing TGA experiments, the initial amount of material put in the bal-
ance/oven is also important because a sample's thermal capacity may vary and affect
the shape of the Temperature Vs. Weight curves. An acceptable amount of material
(lower limit) is 2mg. The yield per experiment of our N-doped SWNT sample is very
low (a few hundred pugrams). Thanks to the repeated experimental runs performed
by students at IPICYT, -1.5-2mg of various N doped SWNT were produced.
Due to curvature effects, smaller diameter nanotubes are less stable than their
larger diameter counterparts, and these nanotubes tend to react at lower temper-
atures. Amorphous carbon and tubes with defects will also give way to thermal
decomposition at lower temperatures. We thus expected that samples with higher ni-
trogen concentrations should decompose at lower temperatures due to a higher defect
content in their walls. According to the Raman results, samples with higher nitrogen
concentrations also contained a higher proportion of small-diameter tubes that should
be less thermodynamically stable. We performed TGA characterization on samples
with 0, 2, 3, 7 and 12% nominal nitrogen concentrations.
In every case we observed two plateau regimes (See figure 3-28). The first one
goes from room temperature to 120°C and we attribute it to the evaporation of
volatile compounds like water moisture and adsorbed gas molecules; note that every
sample shows a similar transition temperature for this plateau. After the volatile
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compounds are expelled, the weight stabilizes and suffers another significant drop
when it reaches -550°C. We attribute this second weight drop to the thermal decom-
position of amorphous carbon and highly defective pure carbon fragments. We should
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Figure 3-28: (a) Experimental TGA results for samples with different nitrogen con-
centrations. (b) Smoothed first derivatives of the data sets shown above (Colors
correspond). See text for the definition of plateaus.
note that samples produced with low percentages of benzylamine in the FEB solu-
tion, as well as undoped samples behave very similarly. They appear to remove more
volatile species from their surface (almost 10% of the total weight), and this could be
attributed to the fact that pure carbon nanotubes mainly have species adsorbed on
their surface (they are not highly reactive and 7r - 7r stacking interactions dominate
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adsorption). However, doped nanotubes with N atoms in the lattice could enhance
chemisorption with various volatile products, and this would require higher temper-
atures for dissociation. Chemisorbed species could "repair" defective pyridinic-like
sites and add stability to the carbon nanotube wall. In this context, we could also
note from Fig. 5(a), a slight change in the slope at ca. 700-720 C for the samples
produced when doping the FEB solution with 7 and 12% of benzylamine. Figure 3-28
(b) shows these changes clearer (see arrows in Figure 3-28 (b)). These arrows denote
novel features that only occur for higher N doping levels, and could be attributed to
possible reactions of the nitrogenated sites, located on the surface of the tubes, so
as to form new molecules on the tube surfaces (NX, where X=O, N, etc.) in this
temperature range. Soon after, these species are evaporated. Although, we observed
these new peaks, further theoretical research is still needed to understand fully the
TGA analysis of doped nanotubes.
3.5 Conclusions
We have developed an aerosol-assisted CVD method capable of yielding nitrogen
doped single wall carbon nanotubes. High resolution TEM images show that this
kind of tube does not show the typical bell shaped compartments present in "bamboo"
nitrogen doped MWNTs. We assume that these bell-shaped compartments are not
energetically stable due to the higher tube curvatures present in single walled systems.
Higher nitrogen concentration is expected to increase the amount of defects present
in the tube walls but tubes with different amounts of wall rugosity were observed
in every sample. This is reasonable because TEM is only able to provide localized
information dependent on the specific focused site of the sample. As we latter discuss,
Raman measurements were able to determine the overall behavior of the sample with
respect to defect proliferation as a function of nitrogen. The low growth temperatures
(tubes obtained from the cool zone of the furnace) might be a cause for defective tubes
to appear in TEM images even when no nitrogen was present in the aerosol solution.
Raman spectroscopy is probably the best available resource to measure the effects
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of nitrogen concentration on the obtained SWNT fibers. As the nitrogen concentra-
tion rises, a decrease in the intensity of the low frequency peak in the RBM region is
observed for different laser energies. We thus conclude that nitrogen affects the ratio
between large and small diameter tubes present in the sample; nitrogen inhibits the
formation of large diameter tubes. The semiconductor to metallic ratio might also
be shifted but this effect is not dominant in this system. Through the observed D/G
ratio, we also conclude that the amount of defects present in the sample increases as a
function of nitrogen concentration. The D band becomes more intense as the nitrogen
concentration is increased. This result is in agreement with recent work performed on
a similar system by Gayatri Keskar et al. [31]. The intensity and frequency of the rest
of the features in the spectra was analyzed as a function of nitrogen concentration
but no clear trends were found.
From the electrical conductivity measurements, we conclude that nitrogen en-
hances the density of states at energies close to the conduction band. According to
the fitted model, deeper energy levels inside the band gap are also present at higher
nitrogen concentrations. The amount of nitrogen actually incorporated into the tube
lattice is unknown but its relative effects were successfully detected by means of
the described Raman and low temperature conductivity experiments. Finally, TGA
methods showed different morphologies of the plots for highly doped nanotubes, thus
indicating that N-SWNTs are indeed more reactive when compared to their undoped
counterparts. The catalyst residue or amount of amorphous carbon present in each
sample may cast a shadow on the effects of nitrogen related defects on oxidation
temperatures. Future efforts ought to be directed towards improving sample purity.
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Chapter 4
Boron Doped Double Walled
Carbon Nanotubes,
Carbon-Carbon chains and the
Coalescence-Inducing Mode
4.1 Introduction
If carbon nanotubes are to be used as future building blocks in nanocomposites and
nanoelectronic devices, it is imperative to fine tune their wall reactivity, mechanical
strength and electronic band gap by controlling the amount of foreign atoms inserted
in the nanotube lattices. Doping carbon nanotubes with nitrogen alone is not enough.
In the semiconductor (nanotube) industry, the synthesis of p and n-type materials
is crucial. Therefore, from an applications standpoint, it is important to be able to
control the insertion of different dopants in nanotubes. This chapter describes our
results after doping double walled carbon nanotubes with boron.
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4.1.1 Doping Carbon Nanotubes with Boron
As previously described in chapter 3, when a foreign atom is inserted in the nanotube
lattice, the nanotube symmetry is altered and its structure and properties conse-
quently change [11]. This was first confirmed experimentally by Stephan et al. [42]
by the successful doping of carbon nanotubes with boron and nitrogen using arc dis-
charge methods. Boron, like [12, 43, 44, 45] Nitrogen [25, 7, 6, 28, 8, 29, 27], is among
the most commonly used nanotube dopants because of its small atomic size and rea-
sonable probability to enter the nanotube lattice. Boron, as opposed to nitrogen,
serves as an electron acceptor, induces the emptying of electronic states below the
Fermi energy for the pristine nanotube, and creates p-type nanotube material. After
doping carbon nanotubes with nitrogen, boron is the first atom that comes to mind
as a dopant, because it is located in the same row of the periodic table as nitrogen
and carbon, and boron is readily available in nature. Nevertheless, it is important to
remember that other elements like like cobalt [46], potassium [47], silicon [48], phos-
phorous [49] and oxygen [50], may also be able to "dope" the tubes and to modify
their properties.
Doping carbon nanotubes with boron can be achieved using methods similar to
those used for nitrogen doping. Arc discharge techniques (refer to section 3.1.3),
CVD techniques (section 3.1.1), laser ablation methods (section 3.1.2), ion implan-
tation procedures (section 3.1.4) and heating of a pristine nanotube sample in the
presence of a boron containing compound [51] are all viable procedures to achieve
the successful insertion of boron atoms into the nanotube lattice. Researchers know
that boron atoms can be substituted in the graphite lattice in atomic fractions of
up to -2.2 at.% [52], but the curvature effects present in carbon nanotubes seem to
lower this limit to quantities below 0.1 at% [11]. The presence of boron atoms during
carbon nanotube synthesis induces a series of changes in the final carbon nanotube
structure that are governed by a set of physics principles similar to the ones observed
in the nitrogen case. For instance, raising boron concentrations during the synthesis
processes also results (like in the nitrogen case) in an increase in the intensity of the
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D band relative to that of the G band, thus suggesting the incorporation of boron
scattering centers into the nanotube structure. Bamboo structures are not created in
SWNTs but they are consistently seen in nitrogen-doped MWNTs. Observed down-
shifts in the frequency of the G' band also suggest that boron is indeed in the carbon
lattice because carbon-boron bonds have weaker force constants (lower frequency) and
would thus vibrate at lower frequencies than carbon-carbon bonds [53]. High boron
concentrations have also been found to produce non cylindrical structures and higher
yields of unwanted fullerenes in the final soot deposits. Interestingly, researchers have
also suggested that adding boron promotes the formation of zigzag nanotubes [11].
Boron, like nitrogen addition, affects the electronic structure of carbon nanotubes.
Thermo Electric Power (TEP) measurements show that boron-doped carbon nan-
otubes exhibit p-type behavior even after the sample is degassed and the temporal
oxygen adsorption-induced p-type characteristics are removed. Other calculations
similar to the ones performed in the nitrogen case, reveal that boron (nitrogen) also
alters the DOS of carbon nanotubes by creating electronic states below (above) the
Fermi energy [11] (See figure 4-1). It is important to note that Electron Energy
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Figure 4-1: Local Density of States (LDOS) for pristine (pure) and boron-doped
carbon nanotubes. Picture adapted from [11].
Loss Spectroscopy (EELS) techniques are unable to detect the low concentrations
of boron usually present in doped carbon nanotubes. Although electron microscopy
79
techniques are unable to detect boron atoms embedded in the tube lattice, they have
proved useful in detecting the effects of inserting these atoms in nanotubes. A good
example showed up when proving the idea that boron doped nanotubes have more
reactive walls and that boron interstitials may promote the formation of covalent
bonds between adjacent tubes. Endo et al.[12] found that, in the presence of boron
atoms, nanotubes coalesce at lower heat treatment temperatures and can form ei-
ther hexagonal structures or "T" shaped junctions like the one shown in figure 4-2.
The analysis of the results presented in further sections of this chapter, rely heavily
Figure 4-2: Boron catalyzed T junctions obtained after annealing double walled car-
bon nanotubes (DWNTs). Adapted from [12].
on correlating TEM micrographs and Raman spectra for pristine and boron doped
samples that received heat treatments at various temperatures. The detection of
carbon-carbon chains was an unexpected event that occurred after performing heat
treatments on our double wall carbon nanotube (DWNT) samples1 . The following
section provides a basic historic insight into these linear carbon-carbon chains, and
is aimed at increasing the reader's appreciation and understanding of the fortunate
process (performing boron doping and heat treatment experiments on double walled
carbon nanotubes) that lead us to detect this rather unusual carbon allotrope.
'Sample synthesis and heat treatments were performed by Professor Endo's group at Shinshu
University in Japan.
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4.1.2 Linear sp-hybridized carbon-carbon chains
We know that carbon is a versatile element that exists in a variety of bonding con-
figurations that yield organic and inorganic compounds with completely different
properties. In its pure form, its known allotropes are diamond, graphite, carbon nan-
otubes and fullerenes. There is a fifth possible configuration commonly referred to as
carbyne, carbon chains or, more recently, carbon nanowires (CNW). Carbyne consists
of sp-hybridized carbon atom chains that can be connected by either double bonds
(polyyne: C=C=C=C) or by alternating single and triple bonds (polycumulene: C-
CC-C-C-C) [54]. Due to the extremely reactive nature of these chains, it becomes
complicated to isolate them and observe them under terrestrial conditions where tem-
peratures are too low and high densities cause the carbon chains to interact with each
other and to disintegrate into disordered carbon [55]. Because of this, the literature
describing the properties of carbon chains is scarce and sometimes contradictory. A
brief analysis of the available information is presented below.
The existence of sp carbon chains was thoroughly questioned by the scientific com-
munity when Baeyer made the first unsuccessful attempt to synthesize this carbon
allotrope in 1885 by using an oxidative coupling reaction of ethynyl compounds [54].
Scientific research on this topic was rather unproductive until Kastachokin et al. re-
ported the successful synthesis of carbyne in 1967 [56]. Shortly after, El Gorsey [57]
reported the discovery of Chaoite, a new mineral found on the Reis Crater in the
south of Germany 2, and prepared samples for Whittaker. In 1969 Whittaker et
al. [60] analyzed one of El Goresy's samples and considered it to be a type of carbyne
where carbon-carbon chains where held together by van der Waals forces. The lack of
sophisticated laboratory equipment to provide the high temperatures and ultra high
vacuum conditions required to synthesize and preserve carbon chains created a gener-
alized disbelief about the possibility of carbyne existence on earth. Astronomers took
the lead and identified several types of unsaturated carbon chains by using radio tele-
2The Reis crater is located at 480 53'N, 10°37'E. It has a 24Km diameter and is believed to be
15 :0.2 million years old.[58, 59]
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scopes. They deduced that very low densities of carbon chains with different lengths
were present in interstellar gas [55]. Five years later, in 1974, M. Nakamizo et al.
irradiated graphite with a high power laser and obtained a carbon allotrope similar
to the Chaoite found on the Reis Crater. They performed Raman Spectroscopy and
found a broad band around 2140cm-1 that matched with the expected vibrational
frequencies of conjugated acetylenic bands (-C-C-),, where n is an integer number.
M. Nakamiso's Raman work provided solid arguments towards proving the existence
of these carbon chains, but still in the early 1980s we can find reports in techni-
cal journals standing for [61, 62] and against [63, 64] the existence of Chaoite and
carbynes. Interestingly, during experimental runs designed to understand the forma-
tion of carbon chains in interstellar space, H.W. Kroto et al. [65] discovered the now
famous C60, also known as Buckministerfullerene. Their discovery unleashed tremen-
dous interest in the field of carbon nanostructures, but to the best of my knowledge,
no one has yet succeeded in fabricating large quantities of carbyne, suitable for mea-
surements, experimentation and technological applications. Carbyne will most likely
remain an outer space curiosity, unless we unveil its real properties and design a mass
production method capable of yielding sufficient quantities of material that will allow
us to study it and to probe what computer simulations predict.
More recently (1995), some groups took Raman spectra from carbynes and ob-
served the same band at frequencies around 2000cm-1 [66]. Others have even claimed
to produce carbon nanotubes by heating and irradiating polyyne-containing carbon
(1999) [67]. Perhaps the most convincing work was performed by Ravagnan et al.
(2002) [13]. This group used supersonic cluster beam deposition to produce nanos-
tructured carbon films. As seen in their Raman spectra (See figure 4-3) the sp2 solid
contains a detectable amount of sp bonded carbon. It is interesting to note how (See
figure 4-4) the intensity of the carbyne band decreases dramatically when the sample
is exposed to air. If the sample is kept under ultra high vacuum (UHV) at room
temperature, the carbyne band only shows a slight decrease during the first few hours
and soon after it stabilizes, suggesting that the linear chains can be conserved for
long periods of time under these UHV conditions. A closer analysis demonstrated
82
,C
CC
(alEx situ mepslrmpnt
D+G peak
1000 1250 1500 1750 2000 2250 2500
Raman shift (cm-')
Figure 4-3: Raman spectra of Ravagnan's carbyne-containing nanostructured carbon
sample taken (a) Ex situ and (b) In situ. In situ means that the sample remains
under ultra high vacuum conditions and Ex Situ means that the sample is in contact
with dry air. The In situ spectrum has been fitted with two Lorentzian peaks to
identify modes created by cumulenes and polyynes. Picture adapted from [13].
that when the sample was exposed to dry air, the cumulene peak disappeared faster,
indicating that polyynes are more stable in the presence of oxygen. Also, as oxygen
degraded the sample (turning carbynes into disordered graphite), both Raman fea-
tures were downshifted in frequency and the authors attributed this behavior to the
inverse dependence between the frequency of carbyne Raman peaks and the number
of carbon atoms forming the chains.
Subsequently, in 2003, the coexistence between multiwalled carbon nanotubes and
linear carbon chains was presumably demonstrated by X. Zhao et al. [14]. They used
a carbon arc method (refer to section 3.1.3) with hydrogen gas to produce multiwalled
carbon nanotubes. As they did High Resolution Transmission Electron Microscopy
(HRTEM) on their sample (see figure 4-5(a)), they observed a single chain of carbon
atoms contained inside a MWNT (see figure 4-5(b)). They also took the Raman
spectra of their samples and observed two peaks located at 1825 and 1852cm-1 . This
frequency is downsifted by 150-200cm-1 from that of previous reports (2000cm-1 ) but
the authors claimed that this is due to the longer length of these nanotube-protected
chains. These chains are, according to the authors, protected from the environment
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Figure 4-4: Intensity ratios of the carbyne band (Ic) with respect to the G band (IDG)
as a function of time while the sample was kept in (triangles) ultra high vacuum and
(squares) dry air. The continuous lines represent the exponential and constant fits of
the experimental data. Picture adapted from [13].
and thus the chains are stable and longer than the ones previously observed. If their
HRTEM observation is not an artifact of the instrument, carbon nanotubes could
indeed serve as "sp carbon chain stabilizers" and tiny nanoelectronic devices could
arise from these structures due to the changes in the electronic structure that these
chains would induce in metallic or semiconducting tubes.
Finally, in 2005, M. Jinno et al.3 [68] performed heat treatment experiments on
single and double walled carbon nanotubes (DWNT) and saw that the Raman fea-
tures at - 1830cm-1 and -v 1855cm-1 appeared after heat treating MWNT samples
at temperatures around 1550°C. The carbyne peaks completely disappeared after
heat treatments above 1800°C and these peaks were simply never present in SWNT
samples. They were aware of Zhao's et al. [14] hypothesis and also suggested that
these Raman features come from linear carbon chains contained inside multiwalled
carbon nanotubes. Their experiments were performed on somehow different systems
(pristine SWNT and MWNT) than ours (pristine and Boron doped DWNT) but be-
cause the work described in this chapter is similar to what M. Jinno et al. [68] report,
3 M. Jinno, Y. Ando, S. Bandow, J. Fan, M. Yudasaka and S. Iijima. Raman scattering study for
heat-treated carbon nanotubes: The origin of 1855cm-1 Raman band. Chemical Physics Letters.
418. 105-110. 2005.
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Figure 4-5: (a) HRTEM micrograph where a carbon nanowire (CNW) or linear carbon
chain is observed to be contained on the inside of a multiwalled carbon nanotube.
(b) Atomic model of a MWNT with an armchair (5,5) innermost tube containing a
carbon chain on the inside. Picture adapted from [14].
it is interesting to note that they cited our unpublished work4 [69]. The following
section describes our approach to dope carbon nanotubes with boron and to detect
the formation and coexistence of linear carbon chains with double walled carbon
nanotubes.
4 M. Endo, M. Terrones, Y.A. Kim, T. Hayashi, H. Muramatsu, R. Saito, F. Villalpando, S. G.
Chou and M. S. Dresselhaus. Nanotube Coalescence Inducing Mode: A Novel Vibrational Mode in
Carbon Systems. Submitted to Nature Materials in June, 2005. Unpublished
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4.2 Nanotube Coalescence Inducing Mode: A Novel
Vibrational Mode in Carbon Systems
4.2.1 Fabricating pristine and boron-doped double walled
carbon nanotubes
Professor Dresselhaus' group at MIT has a collaboration with a group at Shinshu
University in Nagano, Japan. Researchers at Shinshu University used a catalytic
chemical vapor deposition (CCVD) method to synthesize the double walled carbon
nanotubes used in this study. A conditioning catalyst Mo/A1203 was placed at the
entrance of a horizontal reactor furnace and a nanotube catalyst Fe/MgO was placed
in the center of the furnace. The furnace was then heated up at 850°C in an Ar atmo-
sphere, and a carbon feedstock (CH4 + Ar mixture, 1:1) was fed (200ml/min) into the
reactor for 10 minutes. In order to remove the supporting catalyst material (MgO),
the sample was treated with HC1. Amorphous carbon and chemically active SWNTs
were later removed by air oxidation at 500°C for 30 minutes. The result is an ex-
tremely clean network of buckypaper consisting of DWNT bundles. This buckypaper
is extremely flexible, macroscopic, and easy to handle (See figure 4-6). Its high purity
is confirmed by its diamagnetic susceptibility behavior . This fabrication method has
a
I
1cm
Figure 4-6: (a) Photograph of the obtained DWNT material. The origami figure
(airplane) on the right emphasizes its flexibility. (b) Scanning electron micrograph
showing how pure (clean) and catalyst-free this DWNT material is. Figure adapted
from [15].
been reported elsewhere [15]. In order to dope these samples and perform the coales-
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cence experiments, elemental boron was mixed (0.05 wt%) with the highly purified
DWNTs and the resulting material was thermally annealed (at various temperatures
(Thtt) between 1000 and 2000°C) for 30 minutes in a high purity argon atmosphere.
4.2.2 Coalescence experiments and results on pristine DWNTs
Once a sufficient amount of pure DWNTs was obtained, researchers at Shinshu Uni-
versity proceeded to perform heat treatments (in an inert argon atmosphere) at differ-
ent temperatures (Thtt). For the pristine samples, these heat treatment temperatures
were 1000, 1300, 1500 and 2000°C. After the heat treatments were performed, TEM
images and Raman spectra were taken and the samples were then sent to MIT where
additional Raman spectra with different laser energies were taken. TEM micrographs
in Figure 4-7 show how the pristine DWNTs (with no added boron) appear to be stable
at Thtt values up to 2000°C. At Thtt =20000C, the DWNTs still keep their cylindrical
morphology but larger diameter nanotubes begin to appear. Figure 4-8 shows Ra-
Figure 4-7: TEM micrographs of pristine DWCNs that received 30 minute heat
treatments at (a) Thtt=1500°C and (b) Thtt=2000°C. These clean DWNT samples
survive the high temperatures much better that their boron-doped counterpart. The
Thtt=2000°C sample begins to show somewhat larger diameter tubes. TEM images
are courtesy of the M. Endo group.
man spectra of these undoped DWNT samples with various heat treatments. The
RBM region (for all Thtt) indicates the presence of two predominant kinds of DWNTs
whose diameters (dt) are in good agreement with the TEM values observed in fig-
ure 4-7. More specifically, the two dominant pairs of diameters are (0.77nm;1.46nm)
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and (0.90nm;1.62nm). The WRBM vs dt relationship used to obtain these values for
tube diameters is WRBM = 218.3/dt + 15.9cm-1 . It is still not clear which is the
best WRBM vs dt relationship to perform these calculations, but the formula used
here was chosen because it proved to provide a good fit for HiPco SWNTs [70] and
DWNTs [71]. When we look at higher frequency ranges, we note that the D band
is absent at all Thtt indicating that the sample does not lose its crystallinity and
maintains structural integrity even at high values of Thtt. However, if we observe the
"carbyne region" ( w = 1800 - 2000cm-1 ) of the spectra we see that a novel feature
(termed the coalescence induced mode, CIM) appears at - WCIM = 1855cm- 1 when
Thtt reaches 1500°C. At this Thtt temperature, we also observe a correlated quasi
second harmonic of this feature at W2CIM = 3690cm - 1. The small downshift of
W2CIM from 2(1855)= 3710cm- 1 reflects the anharmonic nature of the potential. As
Thtt is further increased, the CIM peak completely disappears and the RBM feature
corresponding to the inner tube of the smaller diameter DWNTs begins to decrease
in intensity (See figure 4-8). This observation is consistent with the TEM results and
100 200 300 1200 1600 2000 2400 3200 4000
Raman Shift (cm-')
Figure 4-8: Raman spectra taken with Elaser=2.3 3 eV on DWNT samples with various
heat treatment temperatures (Thtt). These spectra are courtesy of the M. Endo group.
suggests that the smaller diameter tubes are more reactive and have lower thermal
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stability than their bigger diameter counterparts. It is important to note that a very
low intensity feature appears at w = 1930cm-1 when Elaser = 2.33eV is used. This
feature may be identified with the highly dispersive iTOLA combination mode of iTO
and LA vibrations seen in graphite and SWNTs [72]. In this context, after acquiring
spectra with Elaser = 2.33 - 2.41eV we note that - WCIM is not dispersive, so we can
confirm that the CIM feature that we observe is not the result of iTOLA vibrations.
4.2.3 Coalescence experiments and results on boron doped
DWNTs
The procedure used to study boron doped DWNT coalescence is similar to the one
described in section 4.2.2; the sample was fabricated and heat treated at Shinshu
University. Some Raman spectra and TEM images were taken in Japan and the
sample was then sent to MIT for further Raman characterization with different laser
energies. Each sample was placed inside a furnace and heat treated in the presence
of elemental boron (refer to section 4.2.1) at 1200, 1300, 1400, 1500, 1600, 1700,
1800 and 2000°C. Boron doping enhances DWNT coalescence, and we were able to
observe its effects with greater detail and at lower Thtt (15000 C). The CIM peak
also reached a maximum intensity at lower temperatures (Thtt = 13000 C instead of
Thtt = 15000C) when compared to the pristine samples. Also, as shown in figure 4-9,
additional Raman features previously absent in the pristine sample appeared upon
boron addition. One of them is the D band which begins to appear at Thtt = 1500°C
and it is located around w = 1300cm-1 for Elas,,,er = 2.33eV. The D band, and
the D + G combination mode at w = 2950cm- become stronger as the heat treat-
ment temperatures rise, and the increasing D-band intensity indicates the increase
in boron incorporation into the nanotube lattice. This behavior could be analogous
to the increase in the D band intensity that was observed in the case of nitrogen
doping (refer to section 3.4.2) as the amount of benzylamine was increased in the
benzylamine/ethanol/ferrocene mixture. By analyzing figures 4-11(a) and 4-12(c),
and comparing them with their corresponding spectra in figure 4-9, we observe that
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there is a good correlation between the information provided by HRTEM and Raman
experiments, specially when it comes to confirming the relationship between the D
band intensity and the DWNT structural integrity. By carefully observing the TEM
micrographs, we could also visually confirm the information contained in the Ra-
man spectra regarding the RBM intensity changes with increasing Thtt and the heat
treatment temperatures that caused the CIM's appearance and disappearance. We
Increased intensity of the disorder
induced D-band suggests boron
incorporation into the larger diameter
coalesced structures.
Due to larger strain and
greater reactivity,
smaller diameter (d,)
DWNTs disappear at
lower Th,, than larger d,
DWNTs.
Presence of boron promotes
the development of the CIM
feature at lower T,, than for
undoped DWNTs
wc,,, does CIM peak
not change disappears
with boron _wh e n
doping. coalescence
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Figure 4-9: Raman spectra taken with Elaser = 2.33 eV on boron doped DWNT
samples that received heat treatments at different temperatures.
observed that the intensity of the RBM region for the undoped DWNT sample, cor-
responding to the smaller diameter DWNTs, begins decreasing at Thtt = 15000 C and
completely disappears at Thtt = 20000C (please compare the corresponding Raman
spectra in figure 4-9 for the B doped samples with figure 4-12(c)). This is in agreement
with the fact that due to the larger strain contained in small diameter tubes and their
associated greater reactivity, smaller diameter (dt) DWNTs disappear at lower Thtt
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than larger dt DWNTs. Also, as the smaller diameter DWNTs begin to disappear, we
notice that the D band shifts towards higher frequencies which indicates the presence
of larger diameter carbon nanotubes in the sample [33].
Upon boron addition, the CIM feature appears (Thtt = 12000 C) and reaches a
maximum intensity (Thtt = 13000 C) at lower temperatures when compared to the
pristine sample (Thtt = 15000 C). Also, the WClM frequency of the boron doped samples
remains unchanged when compared to that of the pristine samples. This behavior is
shown in figure 4-9 where we can also appreciate the strong correlation between WClM
and W2CIM. Table 4-10 contains detailed quantitative information on the frequency
(w), intensity (I) (always normalized to the intensity of the G band) and full width
half maximum (FWHM) of the CIM feature and its second harmonic. Again, like in
the pristine case (section 4.2.2), we can see that the dispersion of the CIM feature is
negligible and this makes it distinguishable from the iTOLA mode.
m
CoXI~IL_
Einsr 2.33 eV
Sample WCIM ICIM/IG FWHM W2CIM 12CIM/IG FWHM
pristine - - - -
httl 500 1855.1 0.26 14.2 3690.6 0.21 35.0
htt2000 - - - -
prtiLI - - - - -
httl200 1850.3 0.04 11.0 3684.1 0.04 24.9
httl300 1852.8 0.22 16.1 3686.6 0.21 37.4
httl400 1854.6 0.13 15.1 3689.6 0.11 35.2
httl500 1856.1 0.01 15.3 3691.9 0.01 33.5
htt1600 - - - - - -
htt1700 - - - - -
htt1800 - - - - - -
htt2000 - - - -
Figure 4-10: Summary of CIM Raman data taken for Elaser= 2.33 eV for undoped
and doped DWNTs at various heat treatment temperatures (Thtt). The frequencies
and FWHM linewidths for the CIM and its second harmonic are given in (cm-1 ) and
the mode intensities CIM and 2CIM are normalized to the G band intensity.
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Boron Doped DWNT Samples
(a)
(b)
(c)
Figure 4-11: TEM micrographs of boron doped DWNT samples with various heat
treatment temperatures (Thtt). (a) Double Walled Carbon Nanotubes are intact
and are arranged on a hexagonal packed structure. (b) The tubular structure of the
carbon nanotubes is still intact. There is little or no nanotube coalescence seen at this
heat treatment temperature and the D band is still absent in its Raman spectra. (c)
Widespread nanotube coalescence takes place at this Thtt. This sample also shows a
Raman D band peak appearing at D = 1300cm- '. TEM Images are the courtesy
of the M. Endo group.
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Boron Doped DWNT Samples
(a)
(b;
(c
Figure 4-12: TEM micrographs of boron doped DWNT samples with various heat
treatment temperatures (Thtt). (a) Widespread nanotube coalescence observed. Dark
spots are possible graphite-like regions connecting adjacent tubes. (b) Visible emer-
gence of non nanotube sp2 carbonaceous material. The Raman RBM signal corre-
sponding to small diameter nanotubes has completely disappeared at this Thtt. (c)
The appearance of DWNTs with larger diameters and non-circular cross-sections is
also evident in this TEM micrograph of a location of the sample different from that
shown in (b). TEM Images are the courtesy of the M. Endo group.
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4.2.4 Relating the CIM mode to sp carbon chains and DWNT
Coalescence
The CIM mode is most likely related to vibrations of linear carbon chains because
every DWNT sample was highly purified and the heat treatments were performed in
a pure argon gas atmosphere. The probability of this vibration mode coming from
foreign contaminants within the sample is low. This is also in agreement with the
Jinno et al. work [73], where they report that the frequency of the modes observed
at - w = 1832cm- 1 and - w = 1860cm-1 did not vary as they switched (from H2 to
D2), the gas that filled the arc discharge chamber used to produce their multiwalled
carbon nanotube samples. Also, since the C-C vibration is at w = 1332cm-1 for sp3
carbon and at w = 1582cm-1 for sp2 carbon, it is reasonable to obtain a frequency of
w = 1850cnm- for sp bonded carbon. In support of this conclusion, we also observe
that the CIM mode is a first-order Raman mode that is not dispersive and presents
a relatively narrow line width (-- 15cm-1 ).
Figure 4-13 depicts the process that leads to carbon chain formation before coa-
lescence occurs. According to molecular dynamics calculations, as Thtt is increased,
carbon atoms move to interstitial positions between adjacent double walled carbon
nanotubes. As the temperature continues to rise, linear sp carbon chains are formed
and the CIM mode begins to appear in the Raman spectra. These chains may be
located parallel or perpendicular to the DWNT axes, but they still vibrate at the CIM
frequency (- w = 1855cm- 1 ). Once the system has enough energy, these chains link
to the adjacent DWNTs and unleash a zipper like coalescence phenomenon. Once the
coalescence process is triggered, the atoms that constituted the chains become part
of the resultant bigger diameter carbon nanotubes and the CIM mode disappears.
It is important to keep in mind that Boron enhances the onset of this phenomenon
at a lower Thtt value and the coalescence affects more tubes within the sample. Fur-
thermore, the D band intensity begins to increase when the CIM mode disappears.
In order to confirm the vibrational frequency of the proposed carbon chains and to
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Molecular Models
Figure 4-13: Molecular model describing how carbon-carbon chains form with in-
creasing temperature and disappear after triggering nanotube coalescence. (a) Car-
bon atoms in interstitial positions between two adjacent DWNTs. (b) Lines of sp
bonded carbon atoms form either parallel or perpendicular to the axes of adjacent
tubes. (c) Increased temperature begins linking sp bonded carbon chains to the nan-
otube walls. (d) The coalescence process is triggered and the linear carbon chains
disappear along with the CIM mode. Images courtesy of M. Terrones.
calculate their most probable length, our international collaborator 5 performed first
principles calculations on infinite and finite carbon chains using Density Functional
Theory with a Local Density Approximation. The C-C lengths are a constant for the
case of infinite chains. However, according to calculations performed by the Terrones
group, when the chains are finite in length, the C-C bonds located at the ends of the
chains are longer than the C-C bonds in the interior of the chains. These values are
presented in figure 4-14 for chains consisting of 3 to 10 carbon atoms. The vibra-
tional stretching modes of these chains varied inversely with respect to their length
(In accordance with Ravagnan's et al. work [13]) and according to whether the out-
ermost atoms were free or anchored to an adjacent nanotube wall. In figure 4-15
we can see the result of calculating the vibrational modes for fixed and free chains
containing different numbers of carbon atoms. We learned that C-C chains vibrate
at frequencies closer to the experimental WCIM when their outermost atoms are fixed
5 E. Cruz from the Advanced Matierals Department at IPICYT, San Luis Potosi, Mexico.
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Figure 4-14: Bond lengths of finite carbon chains after relaxation using the Broyden-
Fletcher- Goldfarb-Shanno minimization. Images courtesy of M. Terrones.
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Figure 4-15: Comparison of vibrational stretching modes between free chains, where
all atoms are allowed to vibrate, and chains with anchored outermost atoms. The
arrows and dotted line are placed at w = 1840cm- 1 for reference. Images courtesy of
M. Terrones.
96
' . .. ' -' ' '
......
-' ""
I I. . ,I,I
and when they contain an odd number of atoms. In order to check the accuracy of
this theoretical work, sample calculations of the vibrational modes of graphite (e.g.
w = 1580cm- 1 on experiment) and diamond (e.g. ca. - w = 1332cm- 1) were also
performed and they yielded 1544cm-1 for graphite and 1332cm-1 for diamond which
is a reasonable result when compared to experimental values.
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4.2.5 Other features of the Raman spectra of DWNTs as a
function of heat treatment temperature (Thtt)
Besides containing information related to the CIM mode [17], the Raman spectra of
these samples are rich in novel features that have not been previously studied in detail.
For instance, it is important to keep in mind that double walled carbon nanotubes
can consist of inner semiconducting and outer semiconducting layers or inner metallic
and outer semiconducting layers or any of the four possible semiconducting/metallic
layer combinations depending on the chirality and diameter of the involved tubes.
Figure 4-16 shows a theoretical Kataura plot6 where the laser energies that were
chosen to excite different varieties of DWNTs are marked with horizontal lines. The
shaded regions indicate the diameter distribution of the inner and outer tubes in our
samples.
Outer tubes Inner tubes
W. (arcm-)
1-
a)
w
0LLib
2.41eV (514nm)
.92eV (647nm)
1.58eV (785nm)
Inverse Diameter (1/nm)
Figure 4-16: Kataura plot used to determine the metallic or semiconducting nature
of the nanotubes in resonance with the laser energies (horizontal lines) used in this
study. The relevant 2n+m families are marked. Each star on the plot represents
a Raman frequency where the RBM intensity is strong. The Kataura plot is the
courtesy of Georgii G. Samsonidze.
6 Constructed by including many body effects in the Extended Tight Binding Calculations.
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Radial Breathing Mode (RBM)
Undoped DWNT Samples
By comparing the information provided by the theoretical Kataura plot with our ex-
perimental results, we can see that for Elaser = 2.41eV the inner tubes are metallic and
in resonance with E M while the outer tubes are semiconducting and in resonance with
Es. The corresponding diameters, given by the relation WRBM = 218.3/dt + 15.9 [17]
are 0.87nm and 1.4nm. On the other hand, if the sample is excited with El,,,,aer =
1.92eV or with Elaser = 1.57eV, the observed inner (outer) tubes are semiconducting
(metallic) with diameters around 0.82nm (1.56nm). Other tube configurations (e.g.
semiconducting/semiconducting) are also present in the sample but their contribution
to the RBM spectra is weak because they are either outnumbered by the above men-
tioned configurations or because they are out of resonance with the Elaser excitation
energies that were used.
The (n,m) integers that define a carbon nanotube structure have been assigned to
each nanotube group present in our pristine (no heat treatment and undoped) sample
by relating the frequency position of the measured RBM peaks to the Kataura plot
(See figure 4-17). Although slightly different Kataura plots were used, our (n,m)
assignments for the strongest RBM peaks ((8,5) tubes for Elaser=2.41 and (11,0)
tubes for Ei,,se=1.58eV) are in agreement (except when using Easer=1.92eV) with
previous Raman characterization studies performed on these samples by A.G. Souza
et al. [74]. We observe that most of the nanotubes present in the samples when using
these laser lines belong to the families p=21 (8,5) and p=22 (11,0) where p=2n+m.
When undoped, our DWNTs show exceptionally good resistance to high heat
treatment temperatures. This is confirmed by the ever-present RBM Raman peaks
shown in figure 4-18(b). The intensities of these RBM features (see left hand side
of figure 4-18(d)) decrease with increasing Thtt as they also do for the boron-doped
tubes (the decrease in intensity is by a factor of two or more) but the intensities
for the undoped tubes remain relatively high even at Thtt = 20000C. Figure 4-18(c)
(constructed using WRBM = 218.3/dt + 15.9 [17]) shows that the inner tubes (in
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resonance with E 2s) have a - 0.88nm diameter and the outer tubes (in resonance
with E22) have a - 1.55nm diameter. Note that the tubes with diameters ranging
from -1 to -1.37nm also remain intact at Thtt = 2000°C (follow circles and triangles
shown on the left hand side of figures 4-18(c) and (d)).
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Figure 4-17: RBM region of the Raman spectra of undoped DWNTs taken with
(a) Elaser = 1.58eV, (b) El,,asr 1.92eV, and (c) Elaser = 2.41eV . Each
Lorentzian has been assigned its corresponding (n,m) pair in accordance with its
location in the Kataura plot presented in figure 4-16. The excited DWNT configura-
tions (M=metallic/S=semiconducting) are also shown for each Elaser.
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Doped DWNT Samples
When compared to the pristine samples, the boron doped DWNT samples begin
showing structural disorder at lower Thtt. Figure 4-18(a) depicts the RBM region
of the spectra (using Elaser = 1.58eV) from samples that were heat treated at var-
ious temperatures in the presence of elemental boron. By correlating these spectra
with their corresponding IRBM intensities (follow the squares and rhombus shown in
figure 4-18(c)), it is clear that the smaller diameter (semiconducting) tubes disinte-
grate at a lower heat treatment temperature (Thtt = 1600°C) than their big diameter
(metallic) counterparts (Thtt = 1800C). Also, other weaker RBM features (follow
circles and triangles shown in figure 4-18(c)) corresponding to tubes with diameters
ranging from -1 to 1.37nm, have intensities that become undetectable at even
lower heat treatment temperatures (Thtt - 1400°C). Figure 4-18(c) (constructed us-
ing WRBM = 218.3/dt + 15.9 [17]) shows that inner tubes (in resonance with E2S2)
have a - 0.88nm diameter and outer tubes (in resonance with ES2) have a 1.55nm
diameter. It is important to note that these inner and outer tubes might not belong
to the same DWNT. For the boron-doped nanotubes, the critical temperature be-
fore widespread coalescence and structural destabilization occurs close to 1600°C and
the result is confirmed by the TEM images previously shown in figure 4-12. Above
Thtt = 1800°C, the boron doped samples show no RBM and, as discussed below, their
G band feature broadens and its frequency gets close to that of graphite.
It is reasonable to expect that doping will affect metallic and semiconducting
tubes in different ways. In order to investigate these differences we switched the laser
excitation energy to Elase = 2.41 eV (see figure 4-16) and excited DWNTs whose
inner walls are metallic and outer walls are semiconducting.
Figure 4-19 (a) shows the RBM region of the spectra thus obtained at 2.41eV as
a function of increasing Thtt in the presence of elemental boron. The same general
behavior as the one depicted in figure 4-18 (a) is observed in this case. As Thtt in-
creases, the small diameter tubes (p=21, (8,5) for Eiaser=2.41eV) still disappear at a
faster rate than their big diameter counterparts, regardless of their metallic or semi-
conducting nature (follow squares and rotated triangles in figures 4-19 (b) and (c)).
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When subjected to heat treatment, the two layers comprising a DWNT are always in
thermal equilibrium conditions so, as observed by choosing two different laser lines
(1.58 and 2.41eV), the metallic or semiconducting nature of the layers of a DWNT
does not change their coalescence temperatures. We thus conclude that the configu-
ration of a DWNT (metallic layer inside or outside) does not affect its resistance to
high heat treatment temperatures nor the temperature at which coalescence occurs.
103
S=Semiconducting
M=Metallic
I.S
(a
I=lnner
O=Outer
Pristine
1200°C
1300°C
1400°C
1500°C
1600°C
1700°C
1800°C
2000°C
Raman Shift (cm' 1)
I.S
i ,
! ,
i
I -- 1000°C
,,i '
i
i
I, 
120 150 180 2 210 240 7360 300 3
Raman Shift (cm' 1)
i · i ' I . . . . . . . . I i I I ·T
II 
e W e a Ht 8 Tetn 8
., , , - O
Heat Treatment Temperature
Figure 4-18: RBM region of the Raman spectra of (a) boron doped and (b) undoped
DWNTs taken with Elaser = 1.58eV. The corresponding intensity (c) and frequency
(tube diameters) (d) of the various RBM features as a function of heat treatment
temperature (C) for undoped and boron-doped samples. The shaded regions in (a)
and (b) mark the corresponding metallic or semiconducting nature of the nanotubes
according to their location on the Kataura plot shown in figure 4-16.
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Figure 4-19: (a) RBM region of the Raman spectra of boron doped DWNTs taken
with Elaser = 2.41eV. The outer tubes are semiconducting and the inner tubes are
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of the various RBM features as a function of heat treatment temperature (C) for
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the Kataura plot shown in Figure 4-16.
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Undoped DWNT Samples
The D band is absent on the Raman spectra for the pristine (undoped) samples that
did not receive any heat treatment. This observation, along with SEM, TEM and
magnetic susceptibility experiments, corroborates the good quality and high purity
of our initial DWNT buckypaper samples [15].
In contrast with the boron doped samples, the pure (undoped) DWNT samples
do not present (see Fig. 4-20) a marked increase in the intensity of the D band as
Thtt rises. This is consistent with the fact that, in the absence of boron, their struc-
ture remains relatively undamaged, even at Thtt=2000°C. It is important to keep
in mind that as Thtt increases, two phenomena, whose consequences are reflected by
the intensity of the D band, occur simultaneously. On one hand, as Thtt is increased,
disorder is promoted by the coalescence process and DWNTs begin losing their cylin-
drical shape and form more faceted and non circular cross sections. In addition, other
non-nanotube and more graphitic structures start to form. On the other hand, the
high heat treatment temperatures promote diffusion mechanisms that anneal the nan-
otubes in the sample. Dangling bonds, impurities attached to the nanotubes walls,
malformed outer layers and heptagon-pentagon pairs, all get annealed out and the
annealing contributes to a decrease in the intensity of the D band. These competing
phenomena occur simultaneously and tend to partially cancel each other as they re-
late to promoting symmetry breaking effects associated with the intensity of the D
band. At high Thtt the disorder effect overcomes the annealing effect. This constant
competition between these effects explains why, at high Thtt, the intensity of the D
band for pristine (undoped) samples is observable but remains relatively low. As dis-
cussed below, this is not the case for the boron doped samples because boron doping
strongly enhances structural disorder (at lower Thtt) and an enhancement in the D
band intensities is observed.
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Boron Doped DWNT Samples
The presence of elemental boron during heat treatment enhances the development of
structural disorder at lower Thtt (it starts at Thtt=1500°C) when compared to pristine
samples. Boron addition has two effects on DWNTs: it both dopes the nanotubes
changing their electronic properties and it also creates structural disorder. Since both
effects occur simultaneously as Thtt increases, it is complicated to distinguish between
them and to quantify their independent contributions.
Figures 4-20 (d) through (f) show the D band region (shaded rectangles) of the
Raman spectra obtained with three different laser excitation energies (Elaser) from
samples (boron doped) with different Thtt. For all Ejaser, we observed an approxi-
mately linear increase in the D,tl/G,,t intensity ratio as Thtt increases above 1500°C
and doping and structural destabilization begin to occur (see Fig. 4-21). The ap-
proximately linear increase in the Dnt/G,,t ratio shown in figure 4-21 may provide
a means to estimate the dopant concentration in the boron doped DWNTs samples
when the doping level is too low to be measured by other techniques.
Interestingly, we observe that decreasing the laser power increases the observed
Di,t/Gnt ratios (see Fig. 4-22(a)). This is consistent with the calculations of Saito
et al. regarding the D band Raman intensity as a function of Elaser and of the
crystallite size of graphitic materials (see Fig. 4-22(b)). It is important to note that
the experiments in the paper by Saito et al. were not performed on DWNTs, so the
dominant effect of increasing the heat treatment temperature resulted in an increased
crystallite size and defect elimination (as opposed to heat treatment induced disorder),
thus reducing the D band intensity. However, their experimental trend is similar to
ours in the sense that they also observed a marked increase in the intensity of the
Dntl/Gnt ratios as Elaser was decreased. Note that, coincidentally, the Dnlt/Gint
ratios increase when we use Elaser values that excite DWNT samples whose outer
tubes are metallic (see figure Figs. 4-21).
The D band was wide enough to be fitted with two or more Lorentzians. We
observed that FWHMD increases with increasing Thtt but wD tends to remain fixed
(a slight wD upshift with increasing Thtt occurs in the Eiaser=2.41eV case). Figures 4-
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23 through 4-25 show detailed results for WD and FWHAID as a function of Thtt and
El,,,,r. For doped and undoped DWNTs the observed D dispersion with El,s,, is
consistent with the well established wD/IEIaser =50cm-1/eV [33] value.
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Figure 4-20: Raman Spectra showing the D band (shaded region) of undoped ((a)
through (c)) and boron doped ((d) through (f)) DWNTs taken with Elaser
1.57eV, Elaser = 1.92eV and Elaser = 2.41eV.
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Figure 4-23: Lorentzian fits of the D band region for boron doped DWNT samples
with (a) Thtt = 1500°C and (b) Thtt = 2000°C taken with Elaser=2.41eV. Frequency
(WD) (c) and FWHM (WFWHM) (d) values of the various peaks associated with the
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111
· I ·i · i I  'I· i ·i · i I i I i ·
2.41eV
514nm 
~~~~D ~,
.' 0
0'' ·
i I i I ! · I i I ·I · i I I 
D, 2.41eV 
514nmD2
T· I · I ~1 S T- t I- · T- T  T
(a) (b)
0
-W D "I W D/_~ /.J~~~~~~~~~~~~~~~~~~~~-\
1332-
1328-
1324-
1320-
o 1316-
3
1312-
1308-
1304-
1300-
\U)
60-
50-
40-
C30-
20-
10-
.~ ~ -- C~- - - - . -- -
Heat Treatment Temperature ( C) Heat Treatment Temperature ( C)
Figure 4-24: Lorentzian fits of the D band region for boron doped DWNT samples
with (a) TItt = 1600°C and (b) Thtt = 2000°C taken with Elaserl,.92eV. Frequency
(WD) (C) and FWHM (WFWHM) (d) values of the various peaks associated with the
D band as a function of heat treatment temperature for undoped and boron doped
samples. Note how the FWHM of the D band features tends to increase as Thtt
increases. With this laser line (1.92eV), as opposed to Easer,,,=2 .41eV, we do not
observe an increase in WD with increasing Thtt.
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G band
The simultaneous effects of boron incorporation into the nanotube lattice and in-
creasing Thtt, are reflected in the G band region of the spectra. As Thtt is increased in
the presence of elemental boron, the G band becomes broader (see figure 4-26(a) and
follow the triangles on part(c)) and tends to slightly downshift in frequency (follow
the triangles on figure 4-26(d)). Also, as Thtt is increased in the presence of boron,
the G- feature becomes narrower (follow the squares in figure 4-26(c)) and increases
its frequency (follow the triangles on figure 4-26(d)).
It is important to keep in mind that the G band contains contributions from all
the tubular and graphitic material in the sample [33]. In particular, the G+ feature is
generated when carbon atoms vibrate in the longitudinal direction (LO phonon mode)
of the nanotube and the G- feature comes from atoms vibrating along the circum-
ferential direction of the nanotube (TO phonon). If the excited nanotube is metallic
(semiconducting), the line shape of the G- is expected to show a Breit-Wigner-Fano
(Lorentzian) line shape. Charge transfer coming from dopants or impurities may also
modify the Breit-Wigner-Fano line shape and shift the frequency of the G+ band (up-
shifts for charge acceptors and downshifts for charge donors [33]). For Elaser = 1.57eV
(spectra shown in fig 4-26(a)), the observed BWF features (characteristic of metallic
tubes) at Tlhtt below 1500°C are generated mainly by the outer (metallic) tubes. As
is discussed later in greater detail, the outer tubes might have a stronger influence
on the line shape of the G band when compared to the inner tubes. In this case, the
BWF is most likely generated by outer metallic tubes, whose diameters are -, 1.56nm
(follow the squares in figure 4-18(d)), in resonance with EM. The broadening of the
G band at heat treatment temperatures above 1500°C has its origin from two si-
multaneous phenomena: (a) Defects. The sample is losing crystallinity, since linear
carbon chains have triggered coalescence [17] and as Thtt keeps rising, non cylindrical
structures and amorphous carbon begin to appear (Thtt = 16000C). This structural
change is correlated with the appearance of a strong D band at Thtt above 1500°C
(see Fig. 4-21) and is confirmed using TEM (refer to Fig. 4-12). (b) Doping. Boron
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is progressively doping the nanotubes by occupying substitutional sites. Doping adds
holes to the system and decreases the density of electrons at the Fermi level, whether
the cause is doping or heat treatment induced disorder, the observed G band gets
wider as the BWF contribution becomes more important. Note that a new feature
(, = 1600cm- 1 ), possibly related to disordered carbon, begins to appear at tem-
peratures above Thtt = 1800C (see the circles on figures 4-26(c) and (d)).
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Figure 4-26: G band region of the Raman spectra of (a) boron doped and (b) un-
doped DWNTs taken with Easer = 1.58eV. Corresponding full width half maximum
(FWHM) (c) and Raman shift (d) values of the most prominent G band features as a
function of heat treatment temperature (°C) for undoped and boron-doped samples.
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As mentioned above, we observed a very slight downshift of the G band frequency
as a function of increasing Thtt. Interestingly, Souza et al. [74] observed an upshift
of the G band when intercalating an electron acceptor (Br 2) into this kind of double
walled carbon nanotubes. They suggest that intercalated Br 2 accepts electrons from
the nanotubes and thus lowers their Fermi level. When electrons are absorbed by the
Br2, the Fermi level drops into the valence band thus creating holes and reducing
the C-C distance. This enhances the bond strength and generates the observed G
band upshift. Even though substitutional Boron also acts as an electron acceptor
in silicon, and an electron acceptor dopant is expected to show an increase in the
G+ band frequency, we observe a small decrease in the frequency of the G+ band
(5cm-1 ). This experimental result suggests that the B-C bonds are weaker than their
C-C counterparts resulting in a downshift of the G+ phonon frequency. It is inter-
esting to note that this G band downshift effect is less pronounced in the undoped
samples that received similar heat treatments over the same Thtt range (follow trian-
gles in figure 4-26(d)). This supports the notion that boron doping (either by a charge
transfer phenomena or by promoting structural destabilization) is the cause for the
enhanced frequency downshift for the G+ band as the heat treatment temperature
is increased. This result is consistent with the work of Yang et al. on nitrogen and
boron doped coaxial nanotubes [75] where they observe downshifts in the G band as
the Boron/Carbon fraction is increased in their nanotube samples.
On the other hand, if we observe the G band region at this Elaser (2.41eV), a small fre-
quency upshift of the G+ peak (2cm -1 ) is followed by a downshift in G+ frequency
of '-2cm -1 until Thtt reaches 1600°C. These effects are smaller than the frequency
downshifts observed for the G+ feature at the other two Elaser values (1.92eV or
1.58eV) that excite DWNTs with outer metallic walls (see figure 4-27). This be-
havior could indicate (in accordance with Souza Filho et al. [74]) that boron doping
has a larger effect when the outer wall of the DWNT is metallic. A possibility is
that metallic tubes contain more available carriers and are prone to interact with an
acceptor like boron. If boron were indeed acting as an electron acceptor we should
116
observe an upshift of the G band due to valence electron removal and C-C distance
shortening. However, as previously mentioned, boron might be entering the lattice
substitutionally and upshifting the G band frequency by creating softer B-C bonds
on the tube walls.
Whether boron dopes both shells or only the outer shell is a question that remains
unanswered in the literature. Assuming that the tube ends are capped, it is reasonable
to expect that the inner walls are kept pure until there is enough thermal energy
to allow boron to diffuse through the outer nanotube walls or to create defects in
the outer tube walls through which boron can get in contact with the inner shells.
Figures 4-28(a) and (b) are a good example of the predominant contribution of the
3S
Heat Treatment Temperature (C)
Figure 4-27: Frequency shift of the G+ band for undoped (left) and boron doped
(right) samples as a function of increasing (Thtt). As illustrated by the concentric
circles, Elaer,,, = 2.41eV excites tubes whose outer (inner) wall is semiconducting
(metallic). The opposite DWNT configuration is excited when using Elaser = 1.92eV
(circles) and Elase,,,, = 1.58eV (triangles). Note the 8 wave number offset in WG+
between the two DWNT configurations.
outer tubes to the lineshape of the G band. Regardless of the properties of the inner
tubes, when the outer tubes are semiconducting (see shaded region in fig. 4-28(a)) the
G- feature shows a Lorentzian lineshape and when the outer tubes are metallic (shaded
region in fig. 4-28(b)) we observe a BWF shape in the G- region. It is important to
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note that, when doped with boron, DWNT samples show wider G bands at Thtt above
1600°C. This is consistent with previous reports [17] that show that boron promotes
structural destabilization at lower temperatures (follow the triangles in figures 4-28
(c) and (d)) than is the case for undoped DWNTs.
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Figure 4-28: G band region of the Raman spectra of boron doped DWNTs taken
with (a) Easer = 2.41eV and (b) Etaser = 1.92eV. The corresponding FWHM
and integrated intensity plots as a function of Thtt for Easer = 2.41eV (c) and
Elase = 1.58eV (d).
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G' band
If we analyze the second order features of the spectra we note that the G' feature
consists of two peaks (e.g. - WG -~ 2630cm- 1 and - WGl 2680cm-1 for Elaser =
2.41eV) whose frequency shifts as a function of Thtt are more evident than those in
the G band region (See figure 4-29 (a), (b), and (c) and follow the triangles on (d)
and (e)). Recently, by mixing double walled nanotubes with single walled nanotubes
in different proportions and observing the behavior of their Raman spectra, Kim et
al. [76] suggested that these two peaks might correspond to the inner and outer tubes
of a DWNT sample.
When using Elaser = 2.41eV, our experiments confirm this idea by showing that
the WGI - 2630cm-1 feature disappears at Thtt = 1600°C, while the WG' 2680cm-1
feature remains even at Thtt = 20000C (figure 4-29). The disappearance of the low
frequency component of the G'-band is highly correlated with the disappearance of
the RBM features corresponding to the inner tubes. This becomes even more clear
if we compare their behavior using the intensity plots in figures 4-29(d) (follow the
squares to observe the intensity behavior of the G'- band) and 4-19(b) (follow the
rotated triangles to observe the intensity behavior of the RBM feature corresponding
to the inner tube). It is important to note that the disappearance of these two
features also coincides with the appearance of the D band and the vanishing of the
CIM mode [17]. Keep in mind that researchers have observed that the D band and
G' band frequencies tend to downshift as the nanotube (on a single walled nanotube
system) diameter decreases [33].
Also, in the absence of boron, the low frequency component of the G' band does
not disappear at high temperatures (Thtt = 20000) (See figure 4-30). From the set
of observations above, we conclude that the behavior of the G'- and G'+ features
can also be used to signal the disappearance of smaller diameter nanotubes (less
thermodynamically stable) and the onset of the coalescence process. Figure 4-29(a)
also shows a red shift of the WG' - 2630cm-1 feature and a slight blue shift of
the WG' - 2680cm-1 but this behavior still needs more research to be adequately
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Figure 4-29: G' band region of the Raman spectra of boron doped DWNTs taken
with El,,,,er = 2.41eV (a), E,,,,a = 1.92eV (b), and El,,,,aser = 1.58eVT (c). Dashed
lines represent Lorentzian fits of the corresponding pristine sample. Frequency and
intensity plots as a function of Thtt for Elaser = 2.41eV(d) and Elaer,,, = 1.58eVT(e).
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explained. It is interesting to note that these two features give the illusion that
they are getting closer to each other and becoming a single peak as we decrease
the laser excitation energy (Elaser). However, if we observe carefully, what really
happens is that the low frequency peak loses intensity with decreasing laser excitation
energy. Figures 4-29(d) and (e) (follow the squares) show the numerical values for
the intensities and frequencies of the G'- band. In this region of the Raman spectra,
higher laser excitation energies work better if we want to distinguish between the
contributions coming from the inner and the outer tubes of a DWNT sample. If we
refer to figure 4-16 we observe that lowering the excitation Ela,,se (towards 1.57eV)
tends to excite more DWNTs whose outer tubes are metallic. This means that we
could be witnessing how the outer metallic tubes shield the interior semiconducting
tubes and block their contribution to the line shape of the G' peak.
If we perform a more detailed analysis of the G' band region we find that we can fit
it with four Lorentzian peaks that we have identified as G'1, G'2, G'3 and G'4 (see
Fig. 4-31). G'1 and G'2 are present in the pristine sample and disappear at Thtt =
1600°C. As Thtt increases they show a slight downshift (2 cm -1 ) in frequency. From
previous analysis performed on the boron doped samples, we know that the small inner
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tubes disintegrate at Thtt = 1600C. With increasing Thtt the behavior of the G'1 and
G'2 peaks mimics that of the WRBM = 269cm-1 feature corresponding to the small
inner metallic (8,5) nanotubes (for Elaser =2.41eV). We thus attribute the G'1 and
G'2 peaks to the small diameter inner tubes in our samples. The G'3 feature remains
at a relatively constant intensity and frequency until Thtt = 1600°C is reached. Above
Thtt = 1600°C, G'3 is upshifted by about 10 wave numbers and its intensity decreases.
Therefore, we also relate this feature to the inner tubes in our samples. On the other
hand, the G'4 peak remains present at all Thtt. Above the Thtt = 1600°C critical
temperature, this peak does not shift in frequency but its relative intensity with
respect to the G'1, G'2 and G'3 features increases dramatically. Based on these
observations we relate this feature to the outer semiconducting tubes present in the
sample. If we observe carefully, a fifth feature located at WGi = 2718cm-1 appears at
Thtt = 1600°C and is related to the appearance of a high frequency feature on the G
band. We relate this feature to non graphitic structures that the high temperature
heat treatment has created after inducing extreme disorder and nanotube failure on
the DWNT sample.
Furthermore, if we perform the same analysis for the undoped samples (see Fig. 4-
32), we obtain more evidence supporting the above mentioned relationships between
the G'1 - G'4 features and the identification of these features with the inner and
outer walls of our DWNTs as discussed above. We had previously observed that, in
the absence of boron, the RBM features corresponding to the inner diameter tubes
are present even at Thtt = 20000C. Not surprisingly, this is also the case (undoped
samples) for the G'1 and G'2 features. Although they tend to shift upwards in
frequency, they do not disappear at Thtt = 20000C. We thus confirm that (when using
Ease,,,=2.41eV) the G'1 and G'2 features are related to the small diameter, metallic
inner nanotubes and can be alternatively used to signal nanotube coalescence and the
onset of structural destabilization.
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G' band region of the Raman spectra of boron doped DWNTs as a
function of Thtt. Taken with Elaser = 2.41eV where the predominant excited DWNT
configuration is an inner metallic (M) and outer semiconducting (S) tube.
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4.2.6 Conclusions
In a collaborative effort between Professor Dresselhaus' group at MIT and its in-
ternational collaborators, (including Professor Endo's group at Shinshu University,
Nagano, Japan, Professors Pimenta's and Jorio's group at the Federal University of
Minas Gerais, Belo Horizonte, Brazil, and Professors M. and H. Terrones group at
IPICYT, San Luis Potosi, Mexico), we carried out resonance Raman studies of the
coalescence process of double walled carbon nanotubes in conjunction with high reso-
lution transmission electron microscope (HRTEM) experiments on the same samples,
heat treated to a variety of temperatures and either undoped or Boron doped. In
this project, a novel resonant Raman mode related to linear carbon chains in double
walled carbon nanotubes (DWNTs) has been identified [17], and its behavior is corre-
lated with the coalescence of the DWNTs, as observed by high resolution TEM. This
mode, termed "the coalescence inducing mode" (CIM) is located at w = 1855cm-1
and arises from the generation of ID carbon chains (3-5 atoms long) established co-
valently between adjacent DWNTs. The CIM is induced by thermal annealing, and
its effect on coalescence is strongly enhanced by boron doping. Carbon chains trigger
nanotube coalescence via a zipper mechanism. Before the tubes actually coalesce, the
CIM vibration disappears. The CIM mode is now under detailed study and we believe
that the results can be used to identify sp hybridized carbon in various systems, such
as irradiated graphite, polymerized and functionalized fullerenes.
Besides containing information related to the CIM mode, the Raman spectra of
these samples are rich in novel features that had not been previously studied as a
function of heat treatment temperature. Special emphasis was put on the possible
metallic or semiconducting nature of the layers forming the DWNTs. We observed
that regardless of their semiconducting or metallic properties, smaller diameter (inner)
tubes disintegrate at lower Thtt more than their larger diameter (outer) counterparts
because they are more reactive. We also found that the G' band contains features
that correspond to the inner and outer tubes which can also be used (besides the
CIM, D and RBMs) to detect the onset of coalescence and structural destabiliza-
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tion. Interestingly, if the outer tube is metallic, the G' feature corresponding to the
inner tube shows a weaker intensity. Outer metallic tubes might be shielding inner
semiconducting tubes and diminishing their contribution to the lineshape of the G'
band. A similar effect occurs in the G band region of the spectra. The lineshape of
the G band is dominated by the contribution from the outer tube regardless of the
metallic or semiconducting nature of the inner tube. Both tubes contribute to the
characteristic lineshape of the G band but the outer tube has a stronger effect; if the
outer tubes are metallic, the G band shows a noticeable BWF tail, if the outer tubes
are semiconducting, the G- band is clearly visible. It is important to remark that
after analyzing the frequency shifts of the G band as a function of Thtt we observed
that doping and structural destabilization effects are more pronounced when metallic
tubes are on the outside than when semiconducting tubes are on the outside.
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Chapter 5
Conclusions
Carbon nanotubes possess remarkable electronic and mechanical properties but we
will only be able to successfully incorporate them in today's technological applications
after we find reliable methods to fine tune their properties to suit specific needs. For
instance, their electronic band gap must be controlled to make their inclusion into
electronic devices more realistic, their surface chemistry must be modified to synthe-
size effective nanocomposites, their wall reactivity must be engineered to fabricate
reliable gas sensors, their field emission properties must be controlled to include them
in displays etc. Controlling the diameter and chirality of carbon nanotubes will no
longer be enough to satisfy the growing list of characteristics that future carbon nan-
otube applications are starting to require. The answer to these challenges might lie
in smart defect engineering. Defects of every kind can induce significant changes in
the intrinsic properties of carbon nanotubes. Defects may be induced by heat treat-
ments, by chemical reactions or by varying the initial synthesis conditions. In this
context, this work has analyzed the effects of doping single and double walled carbon
nanotubes with nitrogen and boron with the objective of contributing to the devel-
opment of permanent p and n-type carbon nanotubes. This kind of substitutional
doping also affects the nanotube's mechanical properties and wall reactivity.
An aerosol assisted CVD method was used to synthesize single walled carbon nan-
otubes doped with nitrogen. TEM images demonstrate that this kind of SWNTs and
SWNT bundles do not show the typical bell-shaped compartments usually observed
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in "bamboo-type" nitrogen doped MWNTs. As the nitrogen concentration increases
within our N-SWNTs, the concentration of reactive points in the tube walls increases,
thus causing clear electronic and structural differences, as a function of the nitrogen
content.
From Raman spectroscopy, we conclude that increasing the concentration of ni-
trogen during nanotube growth affects the ratio between large and small diameter
tubes present in the samples that were obtained; nitrogen inhibits the formation of
the larger diameter tubes. It is also important to remark that Kataura plots still need
to be calculated and obtained experimentally for doped SWNT samples. Through the
observed D,nt/G,t ratio, we also conclude that the amount of point defects present
in the sample increases approximately linearly as a function of nitrogen precursor
concentration in the FEB solution. The D band becomes more intense as the ni-
trogen precursor concentration in the FEB solution is increased. The intensity and
frequency of the rest of the features in the spectra were analyzed as a function of
nitrogen precursor concentration but no clear linear trends were found.
Low temperature electrical conductivity measurements proved that Nitrogen dop-
ing (at low concentrations) was responsible for the creation of new electronic states
inside the band gap whose energies are close to the conduction band edge. The fitting
of the experimental data by using a carrier concentration model suggests that higher
nitrogen precursor concentrations promote the appearance of deeper energy levels in-
side the band gap. However, the electronic conductance in these tubes is expected
to be lower due to the presence of scattering centers. This was also observed in our
measurements. The amount of nitrogen actually incorporated into the tube lattice
is unknown but it should be well below the detection limit of the TEM analytical
equipment used in the study (e.g. < lwt%). The D/G Raman intensity ratio de-
pendence on N precursor concentration in the FEB solution may provide a means to
estimate the N concentration in the sample, after more detailed studies are carried
out. We witnessed clear effects as a function of the N content in the FEB solution
for both the Raman spectra and the temperature dependent electrical conductivity.
This indicates that we indeed doped SWNTs with N. Finally, TGA methods showed
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different morphologies of the plots for highly doped nanotubes, thus indicating that
N-SWNTs are indeed more reactive when compared to their undoped counterparts.
Boron doping was achieved using a different approach. After synthesizing pure
double walled carbon nanotubes using a CVD method, elemental boron was mixed
with the obtained nanotube samples and heat treated at various temperatures. By
correlating resonance Raman studies with high resolution transmission electron micro-
graphs we concluded that boron doping enhances nanotube coalescence and structural
destabilization at lower heat treatment temperatures. A Raman feature associated
with sp carbon chains (w = 1855cm- 1) was observed to precede coalescence and was
thus termed "the coalescence inducing mode" (CIM) [17]. The 1D carbon chains are
expected to be 3-5 atoms long and become established covalently between adjacent
DWNTs. As the heat treatment temperature rises, the sp carbon chains trigger nan-
otube coalescence via a zipper mechanism and the w = 1855cm-1 mode disappears.
The CIM mode may be used to identify sp hybridization in various carbon systems.
We also observed that the G' band of this system contains features that correspond
to the inner and outer layers of a DWNT. By correlating its behavior with the RBMs,
CIM and D band as Thtt is increased, we noticed that this part of the spectra offers
an alternative path to detect the onset of double walled carbon nanotube coalescence.
The behavior of the G' features mimics the most prominent RBM features as the heat
treatment temperature is increased. By studying these samples with different laser
excitation energies (Elaser) we noted that the G' features corresponding to the inner
tubes are less intense if the outer tubes are metallic. Metallic tubes on the outside
might be "shielding" inner tubes and diminishing their contribution to the line shape
of the G' band. A similar effect was observed in the G band region. If the Elaser values
that were used to excite DWNTs with outer metallic shells, the line shape of the G
band is predominantly metallic and a BWF tail is prominent. On the other hand,
if the outer tubes are semiconducting, a marked Lorentzian G- feature is present.
From this observations we conclude that regardless of the semiconducting or metallic
nature of the inner tubes, it is only the outer tubes of a DWNT sample that give its
characteristic line shape to the G band. After analyzing the frequency shifts of the G
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band as a function of heat treatment temperature for pure and boron doped samples,
we noted that DWNTs whose outer layer is metallic tend to interact more with the
dopant. More pronounced frequency shifts were observed when the outer tube was
metallic instead of semiconducting. The increased number of electrons available on
a metallic tube when compared to a semiconducting tube might make the DWNTs
with outer metallic walls more prone to interact with an electron acceptor like boron.
All the analysis and experiments presented in this thesis are the result of a collab-
orative effort between Professor Dresselhaus' group at MIT and its international col-
laborators, including Professor Endo's group at Shinshu University, Nagano, Japan,
Professors Pimenta's and Jorio's group at the Federal University of Minas Gerais,
Belo Horizonte, Brazil, and Professors M. and H. Terrones' group at IPICYT, San
Luis Potosi, Mexico. By sharing samples and the information related to their analysis,
each group played a unique role in making the sum greater than the parts.
5.1 Future Work
A big obstacle when working with our nitrogen doped single walled carbon nanotube
samples was the presence of unwanted leftover catalyst particles (Fe). Purification
methods are very limited when dealing with doped samples because solvents and acids
are likely to interact with the nitrogenated sites on the tube walls and to contami-
nate the sample. This purification restriction makes N-SWNT sample quality almost
totally dependent on the original synthesis method. This CVD method has intrinsic
limitations so in order to avoid this complication some modifications should be made
to allow for the growth of horizontally oriented tubes on a silicon oxide substrate.
Doing this would allow us to contact individual nitrogen doped tubes and perform
single tube transport and Raman experiments simultaneously. In situ combined Ra-
man and transport experiments could be performed to study how nitrogen induced
defects affect electron-phonon interactions. A series of X-Ray diffraction (XRD) and
Electron Energy Loss Spectroscopy (EELS) measurements should also be performed
to complement the information that has been gathered on the N-SWNT samples.
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The DWNT samples were extremely pure and showed almost no catalyst residue.
Since the samples were doped with boron after they were synthesized, it was possible
to achieve very high purity levels by means of using aggressive purification methods.
In order to improve our understanding of the coalescence and boron doping process in
DWNTs it is necessary to perform in situ Raman scattering experiments as the heat
treatment temperature is increased. The experimental setup becomes more complex
but this would allow us to obtain detailed information on the behavior of the CIM
mode and its related features of the Raman spectra like the two RBM-related peaks
inside the G' band. Another approach should involve attempting to induce coalescence
by means of passing an electrical current through the DWNT bundles. The resulting
effects could be observed in situ using TEM or Raman scattering techniques. Finally,
doping DWNTs with nitrogen should be attempted in order to acquire the ability
to study the effects of both, electron acceptors and electron donors, on the same
nanotube system.
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